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ABSTRACT
The November 23, 1984 ML5.8 Round Valley, California earthquake was one in 
a series of moderate earthquakes that have taken place in the Bishop-Mammoth Lakes, 
California area since 1978. The aftershock sequence exhibits conjugate strike slip 
faulting. A near vertical plane striking N30°E is the main shock with its conjugate 
structure striking N40°W and dipping 55°NE. Aftershocks defining the deeper near 
vertical plane concentrate around the periphery of a 36 to 49 km2 area which is inter­
preted to represent the slip surface of the main shock.
The source dimensions and stress drops of 87 aftershocks (ML2.8 to ML4.2) of 
the sequence were determined applying a P-wave pulse width time domain deconvolu­
tion technique. Stress drops determined from the pulse width method were interpreted 
within the context of the conjugate faulting pattern that characterized the sequence. 
The stress drop for each event is mapped with accuracy within the aftershock distribu­
tion.
The composite velocity squared source spectra of the main shock and a number 
of significant events in the literature were integrated in order to determine the seismic 
energy radiated during fault rupture. The high frequency spectral shape and the charac­
ter of the source spectrum at the comer frequency are critical to the energy calculation.
Savage and Wood (1971) proposed a model in which the final stress level was 
less than the dynamic stress level and that this was the result of "overshoot" during 
fault failure. The composite source spectra of the studied earthquakes were compared 
to that predicted by the Haskell (1966) and Brune (1971) models and their velocity 
squared spectra were integrated to determine the radiated energy, apparent stress and 
Savage and Wood Inequality. In all cases, the ratio of twice the apparent stress to the 
stress drop is greated than or equal to one, violating the Savage and Wood (1971) ine­




The three enclosed studies represent a progression of ideas that began with 
interest in the earthquake sequences of the Bishop-Mammoth Lakes, California area. 
The first study involves a seismotectonic analysis of the 1984 Round Valley sequence 
which incorporated a detailed analysis of the rupture characteristics of the main shock 
and the isolation of the active fault planes of the sequence using a number of data sets. 
Following this study, an existing time domain stress drop method was modified and 
adapted to the Round Valley source region to image the stress drop pattern from small 
aftershocks within the aftershock distribution. These results supplemented the first 
study and have provided the most detailed view of any of the earthquake sequences in 
the Bishop-Mammoth Lakes region. Due to the relative complexity of the source 
spectrum of the Round Valley main shock the third study was undertaken to determine 
how spectral shapes relate to the radiated energy observed during fault rupture and the 
constraints these parameters place on earthquake source processes. Figure 1 is a 
regional map showing the Bishop-Mammoth area in the rectangle.
The recent earthquake activity in the Bishop-Mammoth Lakes California area has 
been consistently interpreted in terms of its relationship and proximity to the Long 
Valley Caldera, one of the most prominent holocene volcanic features in the continen­
tal United States (Bailey, 1976; Savage and Clark, 1982; Rundle et al. 1983; Sanders, 
1984; Hill et al., 1985) (Figure 2). The concern that much of the deformation and 
related earthquake activity in the region are driven by magmatic sources within the cal­
dera and the potential for life threatening volcanic events such as exhibited by Mt. St. 
Helens in 1980 is the overriding public interest in studying the earthquake sequences 
in Long Valley and vicinity.
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Figure 1. Regional map. The Bishop-Mammoth Lakes region is shown by the rectan­
gle.
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Figure 2. The Bishop-Mammoth, California region showing the three principal areas of 
seismicity, the activity south of the Caldera, the 1984 Round Valley Sequence and the 
1986 Chalfant Sequence. Time covered is mid 1984- 1986. Area shown is approxi­
mately 85 km NS by 140 km EW.
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The recent period of earthquake activity began in the Bishop-Mammoth Lakes 
region with the October 1978 ML 5.8 Wheeler Crest earthquake. This was followed in 
May 1980 by 4 ML 6 events in the south moat of the Caldera and in the Sierran 
Mountain block to the south of the town of Mammoth Lakes. The November 1984 ML 
5.8 Round Valley earthquake occurred to the south and east of the 1980 Mammoth 
sequence and more distant from the Caldera than previous activity. The last major 
earthquake sequence in the region to date, the 1986 Chalfant sequence, occurred east 
of the caldera along the White Mountains front (Cockerham and Corbett, 1987; Smith 
and Priestley, 1988). The ML 6.4 Chalfant event was the largest of the Bishop- 
Mammoth Lakes earthquakes and the extensive aftershock sequence involved slip on a 
number of faults.
The Long Valley Caldera has had an explosive history (Bailey, 1976). A major 
eruption 700,000 years ago resulted in the ejection of approximately 600 kmJ of 
material. (This is in comparison to the approximately 1 km3 of volcanic material 
ejected during the May 1980 Mt. St. Helens eruption.) The coincidence of the earth­
quake activity in the Mammoth Lakes area one week after the Mt. St. Helens erup­
tion, the explosive history of Long Valley Caldera, unusual deformation within the 
Caldera and earthquake signatures that were interpreted to be related to magmatic 
movement motivated the United States Geological Survey to issue a volcanic alert for 
the area in May of 1980. Also, as a result of the volcanic and earthquake hazard the 
USGS and the University of Nevada expanded their local short period seismograph 
network covering Long Valley shortly thereafter in order to closely monitor the region.
With the expanded short period network detailed mapping of active faults from 
high quality earthquake locations became possible. Data from the expanded network 
allowed detailed imaging of the swarm in the south moat of the Caldera in 1983 
(Savage and Cockerham, 1984), activity in the mountain block to the south of the
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Caldera, the Round Valley sequence, and later the 1986 Chalfant sequence (Smith and 
Priestley, 1988).
The Round Valley study incorporates several data sets; near source strong motion 
records from stations of the California Division of Mines and Geology, regional 
broad-band surface wave data from the Lawrence Livermore National Laboratory, 
teleseismic digital data from the World Wide Network and short period data from the 
UNSL-USGS local network. The fault plane solution of the main shock was deter­
mined from local and regional first motion data, teleseismic body wave data was 
inverted for the moment tensor solution, and regional surface waves were fit for the 
low frequency seismic moment. Unlike results for several of the earlier =ML6 events 
in the Bishop-Mammoth Lakes region, all results for the Round Valley main shock 
data sets return solutions consistent with a double couple source model. (A study by 
Julian (1983) indicated that several of the ML 6 events in the 1980 Mammoth Lakes 
sequence had shown source mechanisms not consistent with a shear dislocation source 
but had involved a source model suggestive of magmatic injection.)
Faulting during the Round Valley main shock involved left-lateral strike slip 
motion on a near vertical fault plane striking N30°E and the seismic moment deter­
mined from long period regional surface wave data is 7.9 X 1017 Nt-m. Surface wave 
and body wave moments have been converted to spectral level and combined with the 
acceleration spectra to construct a composite source spectrum for the main shock cov­
ering a wide frequency band. The composite spectrum shows a low comer frequency 
at 0.2 Hz that correlates with the dimensions of the overall faulting event, and a higher 
comer frequency at 4.0 Hz which may be associated with subevents composing the 
main shock. The main shock source spectrum falls off as approximately co above the 
high frequency comer, but at a shallower slope between the low and high frequency 
comers as postulated in models of complex rupture or partial stress drop (Brune, 1971;
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Boatwright, 1988).
The Round Valley main shock was followed by a widespread and prolonged aft­
ershock sequence. Because of the dense local short period network, accurate locations 
and well constrained fault plane solutions could be determined for essentially all aft­
ershocks, and the temporal and spatial growth of the sequence could be followed in 
considerable detail.
The aftershock sequence is characterized by the development of two conjugate 
planes of aftershock activity; one, a near vertical plane striking N30°E associated with 
the main shock, and another, a conjugate structure, which became active in the first 24 
hours of the sequence striking N40°W and dipping 55°NE. The main shock fault 
plane and the majority of aftershock activity on the main shock fault plane is confined 
to the foot wall block of the conjugate structure. Also activity on the conjugate fault 
plane is distinctly shallower than that on the main shock’s fault plane. The shallower 
conjugate fault plane conforms to an extension of the Hilton Creek fault postulated by 
Malcome Clark of the United States Geological Survey, and is the first indication of 
significant activity on this major Holocene structure since the recent period of earth­
quake activity began in the Mammoth Lakes area in 1978.
Aftershocks defining the deeper near vertical plane tend to concentrate around the 
periphery of a 36 to 49 km2 area which is interpreted to be the slip surface of the main 
shock. Relating the seismic moment determined from regional surface waves to this 
slip area results in an average dislocation of 0.54 to 0.73 m and a stress drop of 1.5 to 
2.3 MPa, respectively. Nearly 800 fault plane solutions during the aftershock period 
were determined from the short period data set. A smaller subset which samples the 
aftershock zone both spatially and temporally illustrates that during the initial hours of 
the sequence, aftershocks occurring on the deeper, near vertical plane were predom­
inantly left-lateral strike slip. Motion on the N40°W plane was dominantly right-
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lateral strike slip to right-lateral oblique slip with a tendency for shallow normal dis­
placement at its western extent.
The recognition of the conjugate faulting pattern was accomplished by application 
of a stereo plotting program developed by Paul Reisenberg at the USGS and was a 
surprising result. Traditional plotting methods failed to reveal the faulting pattern 
which becomes clear in stereo projection. Conjugate strike slip faulting was subse­
quently identified in the 1986 Chalfant Valley sequence (Smith and Priestley, 1987), 
15 km to the northeast of the Round Valley source region and appears to be a charac­
teristic of the deformation in the region.
With the identification of the active fault planes and very accurate earthquake 
locations, a stress drop method that could be used with the University of Nevada short 
period data was modified and adapted to the Round Valley source region. The fre­
quency band and dynamic range limitations of the short period data results in clipped 
seismograms which eliminates the application of traditional spectral methods in the 
determination of source parameters. Although the seismograms are clipped the pulse 
widths are preserved (Ellis and Lindh, 1976). In the time domain, the pulse width is a 
record of the source process time and is proportional to the extent of rupture. The 
source dimension can then be estimated through scaling relationships and assumptions 
concerning source geometry and the rupture velocity.
The source dimensions and stress drops of 87 Round Valley aftershocks (ML2.8 
to Ml 4.2) were determined with this adaptation of the initial P-wave pulse width time 
domain deconvolution technique of Frankel and Kanamori (1983). To recover the true 
pulse width of an event the path, instrument and site effect contributions must be 
removed. This is established by a response function or Green’s function in the fre­
quency domain and removed by division. In the time domain the path, instrument and 
site effects are represented by the pulse width of the smallest of events recorded at a
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particular site. Small events are assumed to be delta functions at their source, a zero 
width spike, and any observed broadening is in response to path, instrument and site 
effects. To correct the pulse width of the larger event for these effects and isolate 
only the source information, the pulse width of the smaller event is simply subtracted 
from that of a nearly colocated larger event. Only events of limited magnitude range 
are considered in this type of analysis since it is assumed that the initial pulse width 
represents the entire source process time.
In the 1983 Frankel and Kanamori study, events over a large source region were 
studied and individual source-receiver corrections were required. Round Valley aft­
ershocks are confined to a limited volume of crust (= 10 km x 10 km x 15 km in 
depth) which allows for some modification of the technique. We have shown that 
seismograph site and instrument effects and not whole path attenuation control the 
minimum pulse widths for the localized Round Valley source region which eliminates 
the need for individual event-receiver corrections. The determination of a site 
minimum pulse width rather than a minimum pulse width for each event receiver pair 
as in the Frankel and Kanamori study, increases the speed and accuracy by which 
corrected pulse width is determined thereby stablizing the technique and making the 
procedure practical for processing the large numbers of events in an aftershock 
sequence.
With the high quality locations, stress drop values could be isolated with accu­
racy along the active fault planes. The stress release pattern reveals a broad stress 
drop low (Aa= 10 bars) for aftershocks within the main shock fault plane that is con­
sistent with other evidence of the rupture surface of the Round Valley main shock 
acquired in the earlier study. Higher stress release occurs above and below the main 
shock rupture surface and on the shallower, conjugate fault plane. The outline of high 
stress release is consistent with models of asperity failure where complete stress
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release is achieved within the failed asperity but stress increase occurs at the edges 
where the rupture front terminates. Also, within this outline of higher stress drops are 
very low values that may represent events characterized by complex rupture processes 
such as that postulated in the partial stress drop model of Brune, 1971 and composite 
models of fault failure (Boatwright, 1988; Papageorgio and Aki, 1983). Further distant 
from the rupture surface of the main shock on the main shock fault plane stress drops 
generally decrease to median to low values. On the conjugate fault surface stress 
drops are seen to be high in areas that may be interperted as "off-fault" clusters with 
respect to the main shock rupture surface. Das and Scholz, 1981, have shown that an 
increase in shear stress is expected approximately 3/4 of one source dimension on 
either side of a fault as a result of slip on that fault surface.
Source radii systematically increase with magnitude from about 100 meters for 
events near magnitude 3.0 to 500 meters for events near magnitude 4.0. Static stress 
drops range from 10 to 200 bars and are not strongly correlated with magnitude or 
depth but as stated above, do correlate with what is interpreted to be to be the rupture 
surface of the main shock.
In the third study, Chapter 4, the complex shape of the displacement amplitude 
spectrum from the Round Valley event suggested an exercise to relate the radiated 
energy to the stress drop, seismic moment and apparent stress determined from the 
source spectrum to provide an internal consistency between these parameters. In pur­
suing questions arising from the shape of Round Valley amplitude spectrum, the velo­
city squared spectrum of the Round Valley event and a number of moderate to large 
earthquakes in the literature were integrated in order to determine the seismic energy 
radiated during fault rupture. Source studies in the literature typically refer to the shape 
of the displacement spectrum. The velocity spectrum is simply the displacement spec­
trum multiplied by the angular frequency, ot>.
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The seismic energy radiated during fault failure is a function of the average 
stress, fault displacement and the area of the fault surface that fails. In terms of the 
displacement spectra, the low frequency level and comer frequency are proportional to 
the seismic moment and source area, respectively (Kanamori and Anderson, 1975). 
Simply, the seismic moment is a product of the source area, amount of displacement 
and rigidity of the material in shear. Holding the two parameters, moment and source 
size constant and varying the average stress operating during fault failure will result in 
changes in the radiated energy. This excess energy will be accounted for in high fre­
quency contributions, namely the shape of the spectrum at high frequencies. The fric­
tional variables and states involved are the the static friction level and the dynamic 
sliding friction. The apparent stress is also useful in constructing energy arguments and 
is defined as the ratio of the the seismic energy to the seismic moment multiplied by 
the rigidity.
In the Orowan (1960) model, the stress drops from the static frictional stress 
level to the dynamic friction level with the average stress level being the mean value. 
In the Orowan case, a spectral shape with an co-2 high frequency fall-off accounts for 
most of the radiated energy. In the partial stress drop model of Brune, 1971, the stress 
drops to some level short of the dynamic friction level and the average stress level is 
therefore higher than that for an Orowan event with a comparable seismic moment and 
source dimension. The relative increase in seismic energy in the partial stress drop 
case is accounted for by increases in the high frequency radiation. The high frequency 
portion of the spectra cannot decay as co-1 since this would imply infinite energy. Any 
intermediate slope in the spectrum, = gT l5 as in the case of the Round Valley event, 
contributes directly to an increase in the observed radiated energy.
In the Savage and Wood (1971) case, the stress drops to below the dynamic fric­
tion level, termed " overshoot" in their model, which results in a decrease in the aver­
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age operating stress. The model that Savage and Wood proposed was based on the 
observation from real data that the ratio of the apparent stress to the stress drop was 
typically around 0.3, indicating low seismic energies. This ratio can only be accounted 
for in steep high frequency fall-offs of =co-3. For the events that were studied the 
opposite is true. Spectral shapes indicate excesses in high frequency radiation, rela­
tively higher average stresses, rather than the deficiencies expected in the "overshoot" 
model. The spectral shapes indicate a Savage and Wood ratios of greater than one.
The velocity squared spectra for each event was integrated to determine the radi­
ated energy and the source dimensions were determined from the literature. In all cases 
the Savage and Wood Inequality, the ratio of twice the apparent stress to the stress 
drop, is greater than or equal to 1.0, violating the Savage and Wood (1971) inequality, 
and provides evidence against "overshoot" as a source model.
The earthquake activity of the Mammoth Lakes area is extensive and complex. 
The relationships between the earthquake activity, the volcanic centers, the major range 
front faults and the regional tectonic stress are well understood. Observations of the 
actual details of a distribution of earthquakes is the most basic requirement in 
seismotectonic studies, and illustrates the necessity for the establishment of short 
period networks in studying complex fault zones. The Round Valley study led directly 
to an analysis of the energy radiated during fault rupture. Radiated energy studies are 
important in that they consider the portion of the source spectrum that is damaging to 
man made structures. Source models such as the "overshoot" model suggest less 
energy at frequencies critical to building design. This study was also the result of a 
basic observation, that the shape of the spectrum has source model implications.
Chapters 2 through 4 are referenced as follows.
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Chapter 2. — Priestley, K.F., K.D. Smith, and R.S. Cockerham. The 1984 Round Val­
ley, California earthquake sequence, Geophysical Journal o f the Royal Astro­
nomical Society 95, 215-235, 1988.
Chapter 3. — Smith, K.D. and K.F. Priestley. Aftershock stress release along active 
fault planes of the 1984 1984 Round Valley, California earthquake sequence 
applying a time domain stress drop method, submitted to the Bulletin o f the 
Seismological Society o f America, 1991.
Chapter 4. — Smith, K.D., J.N. Brune and K.F. Priestley. Spectrum seismic energy 
and the Savage and Wood Inequality for complex earthquakes, in Observatory 
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Chapter 2
THE 1984 ROUND VALLEY, CALIFORNIA 
EARTHQUAKE SEQUENCE
Keith F. Priestley, Kenneth D. Smith
Seismological Laboratory, Mackay School of Mines 
University of Nevada — Reno, Reno, Nevada 89557
Robert S. Cockerham
United States Geological Survey 
345 Middlefield Road, Menlo Park, California 94025
1.0 INTRODUCTION
The Round Valley, California earthquake (ML 5.8, mb 5.6, M, 5.7; Preliminary 
Determination of the Epicenters) of November 23, 1984 was one in the series of 
moderate earthquakes to have occurred in the Bishop-Mammoth Lakes, California 
region since 1978 (Fig. 1). Both the earthquake sequence and the geology and geo­
physics of the area have been discussed in numerous recent papers (See for example, 
the special issue of the Journal o f Geophysical Research, November 1985 with intro­
duction by Hill et al). The earthquake sequence began in October, 1978 with the 
Ml5.7 Wheeler Crest earthquake, culminated in May 1980 with four ML>6 earth­
quakes over a three day period, and has continued to the present. The most recent 
activity was a series of ML=6 events and an extensive aftershock sequence near Chal- 
fant, California, north of Bishop, during July and August 1986 (Cockerham and Cor­
bett, 1987; Smith and Priestley, 1988).
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Figure 1. Regional map showing the seismic network of high gain, high frequency 
seismographs ( ) which provided first motion data for hypocenters and fault plane 
solutions, and strong motion accelerograph ( ) at Paradise Lodge which provided data 
for the high frequency, near source spectrum. Also shown are important earthquakes in 
the Bishop-Mammoth Lakes area since 1978 ( ) and major tectonic features of the 
region.
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The Long Valley caldera to the north of the epicentral area of the Round Valley 
earthquake formed 0.7 million years ago by collapse and subsidence associated with 
eruption of the Bishop Tuff (Bailey et al, 1976). Volcanic activity has continued into 
the Holocene on a reduced scale and magmatic processes appear to still be active 
beneath the Long Valley caldera. Geodetic measurements (Savage and Clark, 1982; 
Castle et al, 1984; Denlinger and Riley, 1984; Rundle and Whitcomb, 1984; Savage 
and Cockerham, 1984; Savage and Lisowski, 1984; Denlinger et al, 1985; and Gross 
and Savage, 1985) have documented significant crustal deformation in this area since 
mid-1979 and find that it can be largely attributed to inflation of a magma chamber 
beneath the resurgent dome within the central caldera. Additional evidence for the 
existence of a magma chamber beneath the resurgent dome comes from seismic refrac­
tion (Hill, 1976), teleseismic P-delays (Steeples and Iyer, 1976), and S-wave shadow­
ing (Sanders, 1984). Major range front faults in the area include the Hilton Creek, 
White Mountains, and Round Valley faults (Fig. 1). Several hundred meters of vertical 
displacement have taken place on the Hilton Creek fault since the formation of the 
Long Valley Caldera (Bailey et al, 1976).
Considerable controversy has surrounded the mechanisms of three of the larger 
events of the Bishop-Mammoth Lakes sequence. Unconstrained moment tensor inver­
sion of low frequency teleseismic body wave and surface wave data result in a large, 
non-double couple component for the ML5.7 Wheeler Crest earthquake, and two of the 
Ml 6 1980 Mammoth Lakes earthquakes (Given et al, 1982; Barker and Langston, 
1983). Focal mechanisms determined from local and regional first motion data indicate 
strike slip motion for these events with a NE-SW T-axis and NW-SE P-axis direction 
(Cramer and Toppozada, 1980; Ryall and Ryall, 1981), implying right-lateral motion 
on east-west trending faults or left-lateral motion on north-south trending faults. The 
discrepancy and the observed non-double couple component could arise from injection 
of a fluid into an expanding crack, i.e., dike formation (Julian, 1983; Julian and
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Sipken, 1985), from the rapid opening of a channel between two preexisting magma 
filled cracks (Aki, 1984), from heterogeneous structure in the vicinity of the hypo- 
center distorting the radiation pattern (Given et al, 1982), or from complex rupture 
during the events (Wallace et al, 1982; Wallace, 1985).
The source mechanism of the 1984 Round Valley earthquake is important with 
regard to this controversy. The epicenter is sufficiently removed from the resurgent 
dome of the caldera that distortion of the ray paths by the central Long Valley magma 
chamber can be discounted. The Round Valley epicenter is only 8 km southeast of the 
1978 Wheeler Crest earthquake which did show an anomalous source mechanism. 
Finally, because of the previous increase in seismicity, a dense network of high fre­
quency high gain seismographs (Fig. 1) had been installed in the region surrounding 
the Round Valley epicentral area prior to November, 1984. Data from these stations 
provide excellent control on the location and focal mechanism of the main shock and 
development of the aftershock pattern in the initial hours of the sequence. The tem­
poral development of the Round Valley aftershock sequence may help in understanding 
previous aftershock sequences in the region for which sufficient local recordings 
became available only several days after the main shock.
In this study we examine the source parameters of the Round Valley main shock 
as derived from local, regional, and teleseismic data. We then examine the geometry 
of the earthquake sequence as expressed by the hypocenters and fault plane solutions 
of its aftershocks. Finally, we integrate these observations to determine the main shock 
source parameters.
2.0 ANALYSIS OF THE MAIN SHOCK
2.1 Location and fault plane solution for the main shock
Because of the earlier ML6 earthquakes in the Mammoth Lakes-Long Valley
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Caldera area, and the potential for a large earthquake in the White Mountains seismic 
gap (Hill et al, 1985b), a dense network of high frequency seismic stations were 
operating in the epicentral region of the Round Valley earthquake prior to the event. 
The main shock occurred on November 23, 1984, 18:08:25.45 UTC at 37.455°N, 
118.603°W, and at a depth of 13.4 km. Much of the local network data (A < 25km) 
could not be used in the location and focal mechanism determination due to an 
Ml= 2.5 foreshock preceding the main shock by about 4 seconds. One seismic station 
is within less than a focal depth epicentral distance, ensuring good depth control in the 
location of the foreshock. We have located the main shock relative to the foreshock 
using only those stations common to both events and the two locations in this pro­
cedure are separated by less than 1 km epicentral distance. Corbett (personal communi­
cation, 1985) has also determined that the foreshock and main shock are very nearly 
co-located. Since there is some question about the precise location of the main shock, 
we will use the location of the foreshock for both events. At distances of 20 to 30 km 
and greater from the epicenter, first motions of the main shock can be distinguished 
from within the coda of the foreshock. These data, in addition to Pn first motion data 
from the U.S. Geological Survey (USGS) northern, central, and southern California 
networks and the USGS southern Nevada network, have been incorporated in the focal 
mechanism of the main shock shown in Figure 2. There is a clear break from dilata- 
tional to compressional first motions for ray paths to the southwest which constrain a 
steeply dipping, northeast striking plane. The focal mechanism of the main shock indi­
cates left-lateral strike slip on this northeast striking nearly vertical plane or right- 
lateral slip on the northwest trending plane.
2.2 Moment tensor inversion
The moment tensor representation provides an alternative method of characteriz­
ing an earthquake source. Seismic waveform inversion techniques for recovery of the
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Figure 2. Fault plane solution for the main shock from local and regional first motion 
data.
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seismic moment tensor have been discussed in a number of recent papers ( e.g. Doom- 
bos, 1982, 1985; Ward, 1980, 1983) and the Harvard seismic group routinely report 
moment tensor solutions for events larger than about mb5.5. We have used this tech­
nique to examine the source mechanism of the Round Valley main shock.
One hour time series, beginning at the main shock origin time, were extracted 
from Global Digital Seismic Network (GDSN) day tapes, and the resulting time series 
were examined for timing errors and edited to remove other obvious data problems. A 
record section was constructed for distance ranges greater than 30°, travel time curves 
for P, PP, PcP, PKP, PS, S, SS, SSS, ScS, and SKS computed for model 1066B (Gil­
bert and Dziewonski, 1975) were superimposed on the record section, and clear body 
wave pulses were windowed. Green’s functions for a specified focal depth were com­
puted using the WKBJ method of Chapman (1978) for the windowed phases, plus their 
near source reflections (i.e., pP, sP, etc.). Individual arrivals may be early or late with 
respect to their predicted arrival time, due to local deviations of the structure from the 
average model. The fitting procedure is performed interactively, permitting the 
theoretical waveforms to be time aligned with the observed waveforms. If this align­
ment is not done, the solution is badly biased. The quality of the solution is assessed 
by calculating the average variance reduction (VR) which is a quantitative measure of 
the misfit between the synthetic waveform calculated for the moment tensor solution, 
and the observed waveform. The fitting procedure is repeated over a reasonable depth 
range until a maximum variance reduction is achieved.
Results of our moment tensor inversion are summarized in Table 1. Inversions 
were made for three trial focal depths: (1) 8 km corresponding to the depth observed 
by Barker and Wallace (1986); (2) 10 km corresponding to the depth suggested by 
Corbett (personal communication, 1985); and (3) 14 km corresponding to the depth 
found above. The variance reduction for focal depths 10 and 14 km is greater than for
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focal depth 8 km. Solutions for 10 and 14 km focal depth are identical except for the 
seismic moment. We have confidence in the 14 km focal depth, but this only 
represents the initiation of rupture. Aftershock patterns discussed below indicate that 
the rupture zone extended from 14 to 8 kilometers depth. The centroid of moment 
release is shallower than 14 km, and the equal variance reduction for 14 and 10 km 
depth suggests about 12 km. The body wave moment is between 6.0x lO 17 and 
6.6 x lO 17 Nt-m. Moment tensor solutions for both 10 and 14 km depths compare very 
well with the fault plane solution determined from high frequency and regional first 
motion data. The magnitude of the minor double couple for the three inversions is 
about 2% of the magnitude of the major double couple. Unlike the 1978 Wheeler 
Crest and two of the ML=6 events of the 1980 Mammoth Lakes earthquake sequence 
(Given et al, 1982; Barker and Langston, 1983; Sipken, 1986) the Round Valley main 
shock can be described by a simple double couple source model.
Table 2 compares our results with those previously published by Dziewonski et al 
(1985) and Barker and Wallace (1986). Our solutions for 10 and 14 km focal depth are 
almost identical to the solution of Barker and Wallace (1986) and the 8 km focal depth 
solution is similar to that of Dziewonski et al (1985).
2.3 Surface wave modeling
Figure 3 shows the observed surface wave seismogram (solid lines) from the 
Round Valley main shock at Landers, California (LAC) and Kanab, Utah (KNB), two 
stations of the Lawrence Livermore National Laboratory broadband digital network. 
LAC is located in the Mojave desert and KNB in the western Colorado Plateau; hence 
both propagation paths are primarily through the Basin and Range Province. The 
dashed line in Figure 3 shows the fit of the synthesized surface waves to the observa­
tions. The synthetic surface wave seismograms were computed using a mode summa­
tion code written by T. G. Masters, based on the method of Woodhouse (1980). These
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Figure 3. (a) Location map showing the relationship of the main shock, and the 
Lawrence Livermore National Laboratory digital seismographs providing regional sur­
face wave data; (b) Fit of the observed (solid line) and synthetic (dash line) data.
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data were fit in a forward sense, that is, N30°E strike, 90° dip, and left-lateral strike 
slip were assumed, and the moment and rise time were adjusted to best fit the 
observed seismograms. The earth model used in computing the synthetic seismograms 
was a refinement of the Great Basin velocity model of Priestley and Brune (1978) and 
the Great Basin attenuation model of Patton and Taylor (1984). The results are con­
sistent with a point source, with a seismic moment of 7.94 x 1017 Nt-m and a 1 second 
rise time. In general, the horizontal component data are better fit by the synthetics 
than are the vertical component data. Brustle and Muller (1983) also noted better fits 
for Love wave seismograms than Rayleigh wave seismograms, suggesting that Ray­
leigh waves are apparently more influenced by the details of crustal structure and 
lateral velocity variations.
2.4 Source spectrum
The California Divisions of Mines and Geology (CDMG) operates a strong 
motion accelerograph at Paradise Lodge, about 3 km from the epicenter of the Round 
Valley main shock (Fig. 1). The time series of the transverse component of motion 
(Fig. 4) shows an extended, complex wave train and is typical of accelerograms of 
other large events of the Mammoth Lakes sequence (Hartzell, 1982). The strong 
motion accelerograms have been digitized and interpolated to a sampling rate of 200 
samples per second. Figure 4 also shows whole record displacement spectra, normal­
ized to a distance of 10 km, corrected for average radiation pattern, and corrected to a 
full-space spectrum by accounting for the free surface amplification effect. One com­
ponent was very nearly transverse to the sense of slip so we did not rotate the two hor­
izontal records.
The spectral amplitudes were not corrected for whole path Q since Archuleta et al 
(1982) found that reasonable variations in whole path Q had negligible effects on the 
measurement of the low frequency spectral level and the corner frequencies for
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Figure 4. Transverse component strong motion record from the Paradise Lodge 
accelerograph, and displacement amplitude spectrum; the window for the transform is 
shown above the time series. The spectral estimates from low frequency surface 
waves, and teleseismic body waves scaled to 10 km are indicated by . Our estimate 
of the spectral shape is also shown.
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Mammoth Lakes events. Contamination of the spectrum by local site effects (near sur­
face structure) may be more important. Archuleta (1986) has analyzed data recorded 
on surface and borehole seismographs in the epicentral region of the 1980 Mammoth 
Lakes sequence to estimate the effects of near surface structure on the seismic record­
ing. He found an approximate four fold amplitude increase between the surface record­
ing and bedrock borehole recording. This amplification can partially be accounted for 
by the free surface amplification factor due to reflection (normally taken as a factor of 
2 for pure SH-waves), and partially due to the effect of the impedance contrast 
between the bedrock and overlying sediment (approximately a factor of 1.85 in ampli­
tude; Archuleta, personal communications, 1986). Of relevance to the present study, 
spectral ratios between Archuleta’s surface and bedrock recordings show that the sedi­
ment amplification is essentially uniform across the 2 to 50 Hz band. The effect of 
near surface amplification due to the impedance contrast between the near surface sedi­
ment and the underlying bedrock is difficult to access for other sites, however the 
effect of the sediment-bedrock impedance contrast should be approximately a factor of 
2 irrespective of the variation in sediment thickness.
Estimates of seismic moment from surface waves and teleseismic body waves 
were converted to full-space spectral amplitudes at their observed frequencies for com­
parison with the spectral amplitude determined from the near source accelerograph 
data. Using a shear wave speed (P) of 3.5 ks-1, a density (p) of 2900 kgm-3, and a radi­
ation factor (R©<t, ) of 0.6, the seismic moment is related to the spectral amplitude nor­
malized to 10 km by
Qo(full-space)10km= -----Rf-C,M°---- = 3.84x 10“20Mo . (2.1)
47ipp3(10km)
These values have been included in Figure 4 to construct a composite source spectrum 
of greater bandwidth.
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The composite source spectrum of the Round Valley main shock shows a low fre­
quency comer at 0.2 Hz, a high frequency comer at 4.0 Hz with an intermediate slope 
of approximately to-1, and a high frequency falloff of o r2. Similar spectral shapes 
have been observed for the other ML=6 events of the Mammoth Lakes sequence (Pri­
estley and Brune, unpublished data). The low frequency corner is interpreted to be 
representative of the overall faulting event.
There are several mechanisms which can lead to a spectral fall off of less than 
gT2 beyond an initial comer frequency, e.g., models involving partial stress drop 
(Brune 1970; 1971), and models involving complex muldple event sources (Papageor- 
giou and Aki, 1983a,b; Joyner and Boore, 1986; Boatwright, 1988). Evidence for the 
partial stress drop mechanism for events recorded on the Anza digital telemetered array 
is given by Brune et al (1986). A similar effect to that noted for the 1984 Round Val­
ley event was clearly observed in the near source spectra of the Ms8.1 Michoacan, 
Mexico earthquake of September 19, 1985 (Anderson et al, 1986). Following the 
Anderson study and Gusev (1983), we designate the additional high frequency energy 
above the o r2 level as the "roughness energy" or "roughness spectrum." The effect of 
the fault’s roughness (i.e., asperities, complexities, subevents, etc.) is to increase the 
spectral level at frequencies beyond the comer. The second higher frequency "corner" 
in the spectra for the large events may correspond approximately to the source dimen­
sions of the individual subevents, if they are all more or less the same dimension as in 
the Papageorgiou and Aki model. However, it is more likely a complex event results 
from multiple events of different size, and the actual spectral level around the second 
corner is the result of energy from an unknown number of multiple events.
3.0 THE ROUND VALLEY AFTERSHOCK SEQUENCE
The aftershock distribution provides important constraints on the three- 
dimensional geometry of faulting and further information on the detailed nature of
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asperities and barriers along the fault. Because of the previous seismic activity in the 
Bishop-Mammoth Lakes region, and because of the suggested seismic gap in the vicin­
ity of the White Mountains (Hill, et al, 1985b), a dense network of high gain seismo­
graphs was operating in the epicentral area at the time of the Round Valley main 
shock. This network provided us with an accurately measured (±0.02 sec) suite of P- 
wave arrival times. This in turn allows us to resolve the three-dimensional structures 
in the hypocentral distribution on a length scale of better than 1 km and to document 
its temporal and spatial growth. The Round Valley aftershock sequence continued for 
many months after the main shock. In this paper we report only on aftershocks occur­
ring during the first 20 days of the sequence. A total of 1119 events have been 
located for the November 23-December 12, 1984 time period, and these include essen­
tially all events of ML1.5 (duration magnitude) and greater.
The stations used in locating the Round Valley earthquakes are shown in Figure 
1. One station was located almost directly above the Round Valley sequence, ensuring 
good depth control. All seismograph stations shown in Figure 1 are permanent sta­
tions of the UNR-USGS seismic network and were operating at the time of the main 
shock. Seismographs consist of vertical component 1 Hz seismometers, the signals of 
which are telemetered to a central recording site on the University of Nevada-Reno 
campus, digitized at 50 Hz and recorded. Several of the sites record horizontal 
motion. The traces are timed on a CRT to an accuracy of ±0.02 sec. All events were 
located with HYP071 (Lee and Lahr, 1975). The velocity model used in locating 
these events is from Kissling et al (1984) and is shown in Table 3. Hypocenter loca­
tion is a complex process involving the velocity structure, hypocentral coordinates, and 
the origin time and hence the hypocentral errors estimated in a program like HYP071 
may not represent the real errors in the earthquake location, but a statistical measure of 
the stability of the hypocenter with respect to a given velocity model. To study the 
details of the aftershock sequence in relation to the main shock and to the three-
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dimensional geometry of faulting, it is important that only high quality locations be 
considered. The following criteria were used in selecting the events for final study: (1) 
RMS error of the time residual less than 0.15 sec; (2) standard error of the epicenter 
less than or equal to 1.0 km; (3) Standard error of the focal depth less than or equal to
2.0 km. Extension of the hypocentral resolution to this length scale is adequate to 
resolve the three-dimensional complexities in the faulting.
3.1 General features of the aftershock sequence
Figure 5 shows a map view and cross-sections of activity occurring during the 
November 23-December 12, 1984 time period. Most of the aftershocks fall in a tri­
angular shaped zone bounded on the southeast by a N30°E trend, and on the southwest 
by a N40°W trend. The large star denotes the location of the main shock and the 
small star denotes the location of the largest aftershock which occurred one hour after 
the main shock (ML5.2; 19:12 UTC). Cross-section A-A’ is perpendicular to the 
N30°E trend, and shows that the N30°E boundary consists of a vertical lineup of hypo- 
centers extending to approximately 14 km depth, with additional aftershocks shallow­
ing to the northwest. Cross-section B-B’ is along the N30°E trend and shows that aft­
ershocks below about 7 km occur in a roughly rectangular zone approximately 7 km 
long. These cross-sections show that the deeper portion of the Round Valley aft­
ershock sequence is simple below about 8 km depth, but the extent of shallow aft­
ershock activity is much broader. These general features of the aftershock sequence 
have been noted by several researchers, i.e. Ryall (personal communication, 1984) and 
Corbett (personal communication, 1985). Both the main shock and the 1912 aft­
ershock occur near the base of this zone. The central portion of the basal zone is 
largely free of aftershocks compared with the periphery, and we infer this to be the 
region of principal stress release during the main shock. At the base of the aftershock 
zone, below 10 km (Fig. 5b), there is a broadening of the zone of activity associated
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Figure 5. All epicenters and cross-section plots for the time period November 23- 
December 12, 1984. The northernmost star is main shock and the southernmost is the 
1912 UTC event. 5a - epicenters with cross-section references; 5b - cross-section A- 
A’; and 5c - cross-section B -B \
(a)
A A-
D i s t a n c e  (K m )
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Figure 5. Caption on previous page.
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with the near vertical northeast striking plane. This widening is due to two clusters of 
aftershocks which occur directly off the trend of the N30°E vertical plane near the 
hypocenters of the main shock and the 1912 UTC ML5.2 aftershock. These two local­
ized clusters of aftershocks may be the result of increased shear stresses perpendicular 
to the slip surfaces of these events.
Deeper aftershocks are confined to the N30°E trend whereas shallow aftershock 
activity occurs either on a plane striking N40°W, and dipping 55°NE or in the crustal 
block above this dipping plane. These relationships are shown in a series of stereo­
graphic projections of the aftershock distribution. Figure 6a is a view from directly 
above the sequence, 12 km above the surface. Figure 6b is a view of the aftershock 
pattern looking N30°E from a point 10 km above the earth’s surface at location 
37.372°N and 118.686°W, southwest of the aftershock area. This point of view best 
illustrates that two conjugate fault planes were active during the sequence. Figure 6c 
looks along the strike of the N30°E vertical plane, and Figure 6d looks along the 
strike of the N40°W dipping plane, at a depth of 7.5 km below the earth’s surface in 
each case. The activity below approximately 8 km is largely confined to the N30°E 
near vertical plane, and beneath the N40°W dipping plane. A third zone of activity 
confined to the hanging wall block of the N40°W fault plane and slightly northwest of 
the N30°E plane, suggests brecciation of this volume of crust. The N40°W striking, 
NE dipping plane appears to separate this area of aftershock activity from the near 
vertical main shock rupture plane. Although the sequence is mostly confined to the 
foot wall block of the Round Valley range front fault, this group of aftershocks may 
be taking place in the hanging wall block.
3.2 Temporal-spatial development of the aftershock sequence
To illustrate the temporal development of the aftershock sequence, we will dis­
cuss the four time periods, November 23, November 24, November 25-28, and
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Figure 6. Stereo projections of hypocenters for the time period November 23- 
December 12, 1984. The projection of the Round Valley fault passes directly above 
the aftershock pattern, and the Hilton Creek fault is to the west. The small cube in the 
southeast comer of the box is 1 km on a side, each vertical division of the viewing 
area is 5 km, and the center of the viewing area is at 37.45° latitude, 118.61° longi­
tude. (a) View: from 37.45° latitude, 118.61° longitude, 10 km above the surface, (b) 
View: NE from 37.37° latitude, 118.68° longitude, 12 km above the surface.
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Figure 6. (c) View: NE from 37.38° latitude, 118.48° longitude, 7.5 km below the sur­
face. (d) View: NW from 37.37° latitude, 118.68° longitude, 7.5 km below the sur­
face.
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November 29-December 12, and illustrate the relationships in a series of map views, 
cross-sections, and stereographic projections.
November 23 (1808-2400): Figure 7 illustrates the relationship of the main shock to 
aftershock activity during the first six hours of the sequence. Figure 7a is an epicenter 
plot showing that during this time period a linear trend of aftershocks striking N30°E 
was active. This is the southeast boundary discussed above and agrees with the fault 
plane determined for the main shock from moment tensor inversion and first motion 
observations. The main shock and 1912 aftershock are denoted by the large and small 
stars, respectively. The majority of the aftershocks during this period lie at the ends of 
this zone. Cross-sections A-A’ and B-B’ are the same as the projections in Figure 5b- 
c. Figure 7b shows that aftershocks during this period lie along a vertical zone 
extending between approximately 7 and 15 km depth; Figure 7c shows this zone is 
almost rectangular with dimensions approximately 7 km by 7 km. The main shock 
and 1912 aftershock lie near the base of this zone. The majority of the activity for 
this time period occurs around the borders of the roughly rectangular zone and the 
center section of the zone, as seen in cross-section B-B’, is largely free of aftershocks. 
This presumably represents the area of maximum slip during the main shock; a similar 
aftershock distribution was seen for the Morgan Hill earthquake by Cockerham and 
Eaton (1984). This pattern is not surprising since aftershocks are to be expected where 
the main shock has increased rather than decreased stresses.
As is characteristic of other Basin and Range earthquake sequences, such as Fair- 
view Peak-Dixie Valley, Nevada (Doser, 1986) and Borah Peak, Idaho (Doser and 
Smith, 1985), the main shock appears to have nucleated at or near the base of the 
seismogenic zone, and ruptured to shallower depths. Figures 7d and 7e are stereo­
graphic projections of the main shock and early aftershocks, viewed from the same 
point as Figures 6a and 6b, respectively. The following time periods use these same
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Figure 7. Cross-sections and stereo projections of activity on November 23, the first 6 
hours of the sequence, (a) Epicenters and cross-section references, (b) Projection along 
A -A \ (c) Projection along B -B \ (d) Stereo projection, View: 37.45° latitude, 118.61° 
longitude, 10 km above the surface, (e) View: NE from 37.37° latitude, 118.68° longi­
tude , 12 km above the surface.
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two views in stereographic projections.
November 24: Figure 8 covers aftershock activity on November 24. Figure 8a shows 
that during this period aftershocks spread laterally from the initial N30°E trend. 
Cross-section A-A’ (Fig. 8b) shows that below 8-9 km, the aftershock zone remained 
fairly simple, but above this depth, aftershocks began occurring to the northwest and 
southeast. Cross-section B-B’ (Fig. 8c) shows that aftershocks continued to occur 
around the boundary of the roughly rectangular rupture area, but also migrated to shal­
lower depths. Development of the conjugate, NW striking plane is also illustrated in a 
stereographic projection for this time period (Fig. 8d-e).
November 25-28: Figure 9 covers the development of the aftershock sequence during 
the 72 hour period November 25-28. Figure 9a shows that during this period aft­
ershocks spread much farther to the west. Cross-section A-A’ (Fig. 9b) shows that 
below 9-10 km aftershocks continued along the vertical, N30°E zone, but the principal 
zone of aftershock activity was above and to the northwest of the main shock rupture 
zone. In cross-section B-B’ (Fig. 9c) the interior of the aftershock zone was still 
largely free of aftershocks, and the majority of events were occurring on the N40°W 
conjugate fault plane. The stereographic projections (Fig. 9d-e) show that by this time, 
the conjugate plane is almost completely developed. The large cluster of activity in 
the northwest limit of the N40°W conjugate plane represents activity associated with 
an ML4.8 aftershock at 1623 on November 26.
November 29-December 12: Figure 10 covers aftershocks occurring during the time 
period November 29 through December 12. The N30°E trend can still be identified in 
the epicenter plot (Fig. 10a), however, much of the activity is now occurring in a tri­
angular shaped zone to the west. In cross-section A-A’ (Fig. 10b) most of the activity 
is occurring above 10 km depth, but the deeper portion of the N30°E zone is still
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(a)
Figure 8. Cross-sections and stereo projections of activity on November 24. (a) Epi­
centers and cross-section references, (b) Projection along A -A \ (c) Projection along 
C-C \ (d) Stereo projection, View: 37.45° latitude, 118.61° longitude, 10 km above the 
surface, (e) View: NE from 37.37° latitude, 118.68° longitude, 12 km above the sur­
face.
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Figure 9. Cross-sections and stereo projections of activity during the November 25-28 
time period, (a) Epicenters and cross-section references, (b) Projection along A -A \ (c) 
Projection along B-B’. (d) Stereo Projection , View: 37.45° latitude, 118.61° longitude, 
10 km above the surface, (e) View: NE from 37.37° latitude 118.68° longitude, 12 km 
above the surface.
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Figure 10. Cross-sections and stereo projections of activity during the November 29- 
December 12 time period, (a) Epicenters and cross-section references, (b) Projection 
ii°onI io  ,A ‘ -(c), Projection along B -B \ (d) Stereo Projection, View 37.45° latitude,
l ie  too IonEltude> 10 km above the surface, (e) View: NE from 37.37° latitude 
ilo.oo longitude, 12 km above the surface.
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Figure 10 Cross-sections and stereo projections of activity during the November 29- 
December 12 time period, (a) Epicenters and cross-section references, (b) Projection 
along A -A \ (c) Projection along B -B \ (d) Stereo Projection, View 37.45° latitude, 
118.61° longitude, 10 km above the surface, (e) View: NE from 37.37° latitude, 




























active; cross-section B-B’ (Fig. 10c) shows that the interior of the N30°E zone is still 
relatively quiet. The stereographic projections (Fig. lOd-e) illustrate the existence of 
two well developed conjugate planes.
3.3 Focal mechanisms
We have determined nearly 800 focal mechanisms for individual aftershocks, 
using an inversion scheme developed by Reasenberg (1987). A subset of 65 focal 
mechanisms which are particularly well constrained and that sample the aftershock 
zone both spatially and temporally is discussed here.
The preferred plane for each event was chosen to be consistent with the aft­
ershock distribution; i.e., the conjugate pattern of faulting. This posed a problem only 
for those strike slip events located at the intersection of the two conjugate fault planes. 
In differentiating between these events, it was found that the slip vector of the NE 
striking plane for events located on the deeper vertical plane generally plunged to the 
northeast, and in contrast, the slip vector for the auxiliary plane, the NE striking fault 
plane, for those events located on the shallow NE dipping N40°W plane plunged to the 
southwest. This southwestern plunge of the slip vector of the auxiliary plane, (the nor­
mal to the preferred plane), is consistent with the dip of the N40°W plane seen in the 
hypocentral distribution. This criteria was used in selecting the fault plane for those 
events located near the intersection of the two planes in all but two cases, and these 
two events were clearly off the trend of the N40°W, NE dipping plane and conform 
closely to the deeper vertical N30°E plane.
Figures 11-14 show a series of stereographic plots of the inferred fault planes for 
this subset of focal mechanisms. Figure 11 is a composite of the entire period; figures 
12-14 are for the time periods November 23, November 24, and November 25- 
December 12. The projection viewpoints are slightly different from those used previ­
ously; this was done in order to better observe the fault planes of individual events.
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Figure 11. Stereo projections of preferred fault planes for the time period November 
23-December 12, 1984. The format of these stereo plots is the same as in Figs. 6-10. 
The line forming the diameter of the individuals planes represents the slip vector. The 
two largest fault planes represented are the main shock and 1912 UTC event. The 
1912 UTC event is deeper and southwest of the main shock, (a) View: 37.45° latitude, 
118.61° longitude, 10 km above the surface, (b) View: SSW from 37.45° latitude, 
118.55° longitude, 5 km above the surface, (c) View: NW from 37.40° latitude, 
118.55° longitude, 7.5 km below the surface.
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Figure 11. (a), (b), (c)
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Figure 12. Stereo projections of the preferred fault planes for November 23, the first 6 
hours of activity, (a) View: 37.45° latitude, 118.61° longitude, 10 km above the sur­
face. (b) View: SSW from 37.45° latitude, 118.55° longitude, 5 km above the surface, 
(c) View: 37.40° latitude, 118.55° longitude, 7.5 km below the surface.
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Figure 13. Stereo projections of the preferred fault planes for November 24. (a) View: 
37.45° latitude, 118.61° longitude, 10 km above the surface, (b) View: SSW from 
37.45° latitude, 118.55° longitude, 5 km above the surface, (c) View: NW from 37.40° 
latitude, 118.55° longitude, 7.5 below the surface.
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Figure 14. Stereo projections of the preferred fault planes for the November 25- 
December 12 time period, (a) View: 37.45° latitude, 118.61° longitude, 10 km above 
the surface, (b) View: SSW from 37.45° latitude, 118.55° longitude, 5 km above the 
surface, (c) View: NW from 37.40° latitude, 118.55° longitude, 7.5 km below the 
surface.
Figure 14. (a), (b), (c)
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The proper perspective can be achieved by orienting with respect to the projections of 
the Round Valley fault, directly above the aftershock area, and the Hilton Creek fault, 
to the west as in the earlier stereographic projections.
Fault planes of the aftershocks conform to the patterns suggested in the seismi­
city. The deeper northeast striking vertical plane is characterized by left-lateral strike 
slip motion, consistent with the main shock, and the N40°W striking plane is dom­
inated by right-lateral oblique to strike slip motion. In the hanging wall block of the 
N40°W striking fault plane, at shallow depths directly above the main shock, there is 
an assortment of focal mechanisms (Fig. 11) ranging from normal motion on northeast 
trending planes to right-lateral strike slip on north striking planes, to left-lateral slip on 
north to northeast trending planes. These could be chosen as the auxiliary planes but 
we have selected those planes that best conform to the patterns suggested by the hypo- 
central distribution. Some focal mechanisms indicating normal motion in this group 
suggest that there may have also been normal slip on the central section of the Round 
Valley fault. Also, these shallower events suggest that the hanging wall block of the 
Round Valley range front fault was also involved in the deformation.
Figure 12 shows the November 23 time period. The two largest fault planes illus­
trated are the main shock (to the northeast), and the 1912 aftershock (deeper and 
southwest of the main shock); and the preferred fault planes of both of these events 
dip slightly to the northwest. The line which bisects the individual fault planes is the 
slip vector of the selected plane. The small foreshock that preceded the main shock by 
4 seconds is represented by the fault plane dipping to the northeast with the same 
hypocenter as the main shock. The focal mechanism for this event is consistent with 
the N40°W striking plane, and is one of a number of events indicating normal slip on 
this plane during the first hours of the sequence. There is a tendency for the slip vec­






southwest, in a southwesterly direction, above the fault planes of the main shock and 
1912 aftershock, and these events essentially outline the upper edge of the slip area of 
the main shock as indicated by the hypocentral distribution. Some fault plane solu­
tions in the vicinity of the main shock hypocenter and at the southern end of the 
apparent rupture surface show a significant difference with respect to the general trend. 
These may indicate zones of higher stress along the main shock fault plane.
Figures 13 and 14 show those focal mechanism for November 24 and November 
25-December 12, 1984, respectively. Activity increased on the N40°W plane and focal 
mechanisms generally do not indicate a significant number of normal faulting events 
on this plane, but are dominated by right-lateral strike slip to oblique slip motion. As 
the sequence progressed, aftershock activity decreased on the deeper vertical plane and 
increased on the shallower dipping plane as discussed earlier. Therefore, as determined 
from the focal mechanisms, the early period of left-lateral strike slip motion decreased 
and the overall sense of motion during the aftershock period became dominantly right- 
lateral on a northwest trending structure.
4.0 DISCUSSION OF THE AFTERSHOCK SEQUENCE
Aftershock activity of the Round Valley earthquake is generally confined to two 
conjugate planes, although details of the aftershock and focal mechanism distributions 
indicate a more complicated process. Early activity took place along a near vertical 
N30°E striking plane and outlined the apparent slip area of the main shock. The two 
largest events of the sequence, the main shock and 1912 UTC 23 November aft­
ershock, occurred at the northeastern and southwestern limits of this apparent slip area, 
respectively. Within a few hours of the initiation of the sequence another plane strik­
ing N40°W and dipping 55° to the NE began to develop, and clearly, activity on this 
plane increased relative to the N30°E striking plane as the sequence progressed. 
Activity on the N40°W NE dipping plane is generally shallower than that on the
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vertical N30°E plane, although a foreshock 4 seconds before the main shock and 
several of the early aftershocks appear to have taken place on this plane at a depth of 
nearly 13 km.
Other Southern California earthquake sequences have exhibited a similar aft­
ershock pattern; aftershocks defining conjugate to near conjugate fault planes. (1979 
Homestead Valley [Stein and Lisowski, 1983], 1986 Chalfant [Smith and Priestley, 
1988], and 1987 Imperial Valley [Hill, personal communication, 1987]). Gagnepain- 
Beijeix et al (1982) noted a similar migration of aftershocks from the initial rupture 
zone of a mb5.7 earthquake in the western Pyrenees of southern France and Hill (per­
sonal communication, 1987) has pointed out a similar aftershock geometry for the 
1987 Alaskan earthquake.
The orientation of fault planes and sense of slip in the Round Valley sequence is 
just that suggested by Hill (1982) in his block tectonic model of California and 
Nevada. In this model NE striking faults will exhibit left-lateral strike slip motion, NW 
striking faults will show right-lateral strike slip and north striking faults will tend to 
exhibit normal motion. With respect to this model, the Round Valley main shock 
occurs at the intersection or junction of several of these blocks. The 1986 ML 6.4 
Chalfant earthquake also nucleated near the intersection of near conjugate planes of 
aftershocks which characterized the sequence (Smith and Priestley, 1988).
The slip area of the Round Valley main shock is confined to the foot wall block 
of the N40°W NE dipping plane. In the hanging wall block, the N30°E vertical plane 
shallows, is more diffuse, and strikes slightly more northerly. Focal mechanisms in this 
area show a more complex pattern than those associated with the N30°E or N40°W 
planes and suggest activity on more than one structure or brecciation of this volume of 
the crust. Also, focal mechanisms indicate there may have been some incidental nor­
mal slip at shallow depths on the central section of the Round Valley range front fault.
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At the base of the aftershock zone there are two localized clusters of activity 
associated with the hypocenters of the main shock and 1912 aftershock. Das and 
Scholz (1982) point out that in addition to an increase in shear stress near the tip of a 
two-dimensional Griffith shear crack, there are broad zones of increased shear stress at 
some distance normal to the plane of the crack. This may explain these particular clus­
ters of activity. Off fault clusters of aftershocks have been observed in a number of 
earthquake sequences (Hamilton, 1972; Ward et al, 1974; and Hutton et al, 1980). The 
main shock of the 1986 Chalfant sequence nucleated in one of these off-fault clusters 
(Smith and Priestley, 1988).
The N40°W NE dipping plane conforms to a mapped extension of the Hilton 
Creek fault (Malcome Clark, unpublished map). Although the northern section of the 
Hilton Creek fault shows significant Holocene offsets, the most recent movement on 
this particular segment is suggested to be Quaternary in age. The foreshock, 4 seconds 
before the main shock which initiated the sequence, shows a focal mechanism con­
sistent with this sense of faulting and may have occurred on this extension of the Hil­
ton Creek. The activity on the shallow N40° dipping plane is the first within the area 
since the beginning of the Bishop-Mammoth Lakes sequence in 1978 that has been 
correlated with the Hilton Creek fault.
5.0 SOURCE PARAMETERS FOR THE MAIN SHOCK
Source parameters for the Round Valley main shock can be estimated by combin­
ing results obtained from the analysis of the main shock data, patterns in the early aft­
ershock distribution and focal mechanisms. During the first hours of the sequence 
before the development of the N40° conjugate plane, the aftershocks outlined approxi­
mately a 7 x 7 km2 vertical plane, the center section of which measured approximately 
6 x 6  km2 and was mostly free of aftershock activity. This presumably represented the 
surface which slipped during the main shock. Using these as bounds on the main
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shock slip area (36 to 49 km2, the surface wave moment 7.94 x 1017 Nt-m, and a rigi­
dity of 3 x 108 Nt/m, the slip during the main shock is,
The stress drop is then,
0.54 m < <u> = Mo
gA
< 0.73 m (2.2)
1.5 MPa < Act = C p < 2.3 MPa (2.3)
where W is the shortest dimension of the fault and C is a non-dimensional shape fac­
tor. C for different fault geometries is given by Kanamori and Anderson (1975), but 
always has a value near unity. For a rectangular strike slip fault, C=2 /n. Errors enter 
into these values through errors in M0, A, and C. M0 has been estimated both from 
low frequency teleseismic waves and regional surface waves and these values are 
within about 30% of each other and with values of M0 estimated by Dziewonski et al 
(1985) and Barker and Wallace (1986). We have used M0 determined from the surface 
wave analysis since it the lowest frequency measurement and by definition M0 is asso­
ciated with the low frequency spectral level. The aftershock zone outlined during the 
first six hours is an upper bound on the main shock slip surface. The smaller central 
region largely free of aftershocks within the vertical plane probably represents a lower 
bound on the slip area. The shape factor C varies by a factor of 2 depending on the 
geometry of the slip zone, however all evidence points to strike slip faulting on a near 
vertical plane.
6.0 SUMMARY AND CONCLUSIONS
Analysis of several complementary data sets for the Round Valley main shock, is 
consistent with left-lateral strike slip faulting on a nearly vertical NE trending fault 
plane. A controversy has developed with respect to the source mechanisms of several 
of the Ml =6 events that have occurred in the Mammoth Lakes area since 1978, that is,
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their moment tensor solutions contain significant non-double couple moment tensor 
components, and discrepancies exist between the low frequency and high frequency 
focal mechanisms. This problem does not exist for the Round Valley event as a sim­
ple double-couple source mechanism can satisfy all the data. Aftershock patterns, as 
seen in cross-section and in stereo projection, show an area between 36 and 49 km2 
that appears to be the section of the fault that ruptured during the main shock. The 
seismic moment from analysis of regional surface waves is 7.9 x 1019 Nt-m. This 
implies an average fault slip of 0.54 to 0.73 m and an average stress drop of 1.5 to 2.3 
MPa.
The character of the aftershock distribution indicates faulting on two conjugate 
planes. One conforms to the main shock mechanism, striking N30°E and consistent 
with early aftershock activity, and the other begins to develop approximately six hours 
into the sequence and strikes N40°W and dips 55° NE. The N40°W striking plane is 
shallower and projects above the slip area of the main shock. As the sequence pro­
gressed, activity clearly decreased on the deeper vertical plane and increased on the 
shallower dipping plane. Aftershock focal mechanisms indicate that motion was pri­
marily left-lateral strike slip on the deeper vertical plane and right-lateral strike slip to 
oblique slip on the shallower N40°W plane. The main shock appears to have 
nucleated at the intersection of these two conjugate planes. The variety of focal 
mechanisms and the distribution of aftershocks in the hanging wall block of the 
N40°W dipping plane, above the slip surface of the main shock, suggest brecciation of 
this portion of the crust. Some normal slip events in this volume suggest that there was 
activity on a small section of the Round Valley range front fault. Although the 
sequence is mostly confined to the foot wall block of the Round Valley range front 
fault, this shallow activity at the north end of the sequence area is probably taking 
place in the hanging wall block of the range front fault.
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The conjugate pattern of faulting seen in the Round Valley sequence is also the 
case for the July 1986 Chalfant earthquake sequence (Smith and Priestley, 1988), and 
may be the general character of earthquakes sequences in the Bishop-Mammoth Lakes, 
California area.
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Table 1





Percentage variance reduction 70% 




Major double couple: M0 = 5.02 xlO17 Nt-m
strike 311° dip 60° slip 179° 
220° 89° 30°
Isotropic part : M = -0.23 xlO17 Nt-m 
Minor double couple : M = 0.17 xlO17 Nt-m
Focal depth 10 km Percentage variance reduction 78%







Major double couple: M0 = 5.96 xlO17 Nt-m
strike 304° dip 72° slip 178° 
213° 88° 18°
Isotropic part : M = -0.12 xlO17 Nt-m 
Minor double couple : M = 0.10 xlO17 Nt-m
Focal depth 14 km 
Moment tensor (xlO17)
Percentage variance reduction 78% 


















Isotropic part : M = -0.09 xlO17 Nt-m 
Minor double couple : M = 0.13 xlO17 Nt-m
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Table 2







Mo(x l0 17)(Nt-m) 5.02 5.96 6.64 4.77 5.94
Strike 220° 213° 214° 208° 221°
Dip 89°
Ooo00 OO o OO O 82°
Slip o o 18° 15° 10° 43°
t  Barker and Wallace (1986) 
























AFTERSHOCK STRESS RELEASE ALONG ACTIVE FAULT 
PLANES OF THE 1984 ROUND VALLEY, CALIFORNIA 
EARTHQUAKE SEQUENCE APPLYING A TIME DOMAIN 
STRESS DROP METHOD
Kenneth D. Smith and Keith F. Priestley
Seismological Laboratory, Mackay School of Mines 
University of Nevada Reno
Source parameter estimates for small earthquakes (ML=3-4) are typically made 
using spectral techniques; the long-period spectral level is related to the seismic 
moment of the event and the spectral comer frequency is related to a source dimension 
through scaling relationships that make assumptions about the source geometry and 
rupture velocity. For example, in the application of Brune’s (1970, 1971) source 
theory, instrument corrected Fourier displacement spectra for the direct S-wave arrival 
are parameterized by a constant low frequency level, an to-2 high frequency decay, and 
a comer frequency, fc, defined as the intersection of these two trends. The low fre­
quency level is related to the seismic moment, M0, and the comer frequency to the 
source dimension. The success of such analysis depends on an accurate observation of 
the seismic source spectrum. Seismograph site response and whole-path attenuation 
may severely distort the observed seismic spectrum causing interpretation of spectra in 
terms of the earthquake source, especially of the comer frequency, difficult.
The influence of the site response has been considered in very few studies, but 
may significantly affect the interpretation of the observed spectra radiated from 
microearthquakes. For example, Archuleta et al., (1982) determined spectral source
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parameters for a wide magnitude range of events of the 1980 Mammoth Lakes earth­
quake sequence. They found that for events with seismic moment greater than about 1 
x 1021 dyne-cm (ML=3.2), the stress drop is nearly constant at around 50 bars; while 
for events with seismic moment less than 1 x 1021 dyne-cm, the stress drop decreased 
with decreasing seismic moment. This implies that the source radius for small earth­
quakes decreases much more slowly with seismic moment than predicted by cube root 
scaling. Archuleta et al., (1982) argue that their observation cannot be a result of 
whole path attenuation and conclude that the cube root scaling relationship does not 
appear to be correct for events with seismic moment less than 1 x 1021 dyne-cm in this 
area. They extend this conclusion to other regions by citing various other published 
studies where the same observation was made.
Hanks (1982) found a high frequency band-limitation for acceleration spectra of 
California earthquakes and termed this fmax. Regardless of source strength and tectonic 
environment, fmax was found in a narrow frequency band between 10 and 25 Hz. 
Hanks attributed this to the local recording site conditions. On the other hand, 
Papageorgio and Aki (1983a,1983b) suggest that the observed band limitation and the 
maximum comer frequency result from the existence of a minimum source radius 
which correlates with a physical property of the fault surface, the "barrier" size.
Recent work comparing surface and borehole recordings of the same microearth­
quakes have given support to the suggestion that the band limitation and maximum 
comer frequency is a local recording site effect. Carroll et al., (written communica­
tion) have discussed data from two borehole sites within the Anza seismic array in 
Southern California. For these sites they find that over a large moment range, 
downhole displacement spectral shapes agree with those predicted by the Brune spec­
tral model, that is a constant low frequency spectral level below some comer fre­
quency, above which the spectral level decays as co-2. Borehole spectra show no
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band-limitation or maximum comer frequency, at least to 100 Hz. Surface displace­
ment spectra of the same events show resonance effects at lower frequencies (=1-10 
Hz) and fall off much more steeply (oT3 to CiT5) at high frequencies. While the study 
of Carroll et al., (written communication) does not discount that there exists some 
band-limitation associated with source properties, their results do suggest that for the 
Anza region in Southern California these effects must correspond to frequencies 
greater than 100 Hz.
In several studies (Mueller, 1985; Frankel et al., 1986; Li and Thurber, 1988), the 
source spectrum of a larger earthquake is recovered by deconvolving from its observed 
spectrum the observed spectrum of a small event. This small event is considered to be 
the impulse response of the propagation path (an empirical Green’s function). When 
both events have the same hypocentral location and focal mechanism, parameters com­
mon to both events, whole path attenuation, instrument response and local site effects, 
are removed in the deconvolution procedure leaving that part of the signal of the larger 
event describing the actual source process.
O’Neill and Healy (1973) proposed a time domain method for recovering source 
parameters of microearthquakes using data recorded on USGS short-period vertical 
type seismographs to recover the source dimensions of microearthquakes. They 
corrected the initial P-wave pulse width, defined as the time interval from the first 
arrival to the first zero crossing (Xj/2), measured on seismograms recorded at small 
hypocentral distances, for the effect of the instrument and attenuation. They then 
estimated the source rupture duration and stress drop in terms of x1/2 by comparing 
observed and theoretical pulse widths. O ’Neill (1984) used this method to estimate 
source parameters of 30 small Parkfield, California, earthquakes. Frankel and 
Kanamori (1983) extended the initial P-wave pulse width method by incorporating a 
method of accounting for the seismograph site response. They showed that for each
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seismograph site there was a magnitude level below which the pulse width no longer 
decreased; a pulse width floor. The frequency domain deconvolution could be approx­
imated in the time domain by subtracting the initial P-wave pulse width of a co-located 
event whose magnitude was smaller than this level from that of the larger event. In 
this way the P-wave pulse broadening due to factors common to both seismograms, 
including site response, were eliminated and the source information of the larger event 
was thereby isolated. Using this technique, Frankel and Kanamori (1983) determined 
the source dimensions of several ML 3.5—4 events over a large area within the southern 
California network.
In this paper we analyze initial pulse widths to determine source parameters for 
aftershocks of the 1984 Round Valley, California earthquake sequence. Frankel and 
Kanamori (1983) defined minimum x1/2 values for the path associated with each source 
receiver pair. The events we have studied occur in a limited crustal volume and are 
recorded on a dense local (epicentral distances less than 40 km) seismic network (Fig. 
1). This allows for some simplification in the technique proposed by Frankel and 
Kanamori (1983), in particular establishing the ability to define individual station 
corrections rather than defining individual event corrections. We have applied this 
time domain technique to 87 aftershocks of the 1984 Round Valley, California earth­
quake sequence. From these measurements we have been able to map the stress drops 
and stress release along the two active faults of the sequence.
THE 1984 ROUND VALLEY EARTHQUAKE SEQUENCE
Details of the temporal and spatial development of the Round Valley earthquake 
sequence have been discussed in Chapter 1. Figure 1 is a map of seismicity from the 
University of Nevada catalog for the Round Valley area from November 23, 1984 
through December 31, 1984. The octagons labeled 1,2,3 are the locations of the
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Figure 1. Round Valley aftershock pattern and short period seismograph stations of the 
UNR-USGS in the Bishop-Mammoth Lakes California area. The seismograph stations 
used in determining earthquake locations are indicated by solid triangles in the upper 
plot. The 11 seismograph used in determining the P-wave pulse widths are shown 
with larger triangles and the major mapped faults in the region are denoted by solid 
lines. Topographic contours shaded with white represent elevations below 1000 
meters, and dark shading represents elevations above 3000 meters. The large scale 
plot shows the aftershock patterns for the Round Valley sequence. The octagons 
labeled 1,2,3 are the locations of, 1 - ML 5.8 main shock, 2 - ML 5.2 November 23, 
1984; 19:12 aftershock, 3 - ML 4.8 November 26, 1984; 16:23 aftershock. The 
cross-section views shown in Figure 2 are oriented by lines A-A’ and B -B \
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Figure 2. (a) A-A’ seismic cross section along the N30°E main shock fault plane. The 
sub-circular area largely free of aftershock activity, (dashed line) which is located 
slightly above the main shock hypocenter is interpreted as the main shock rupture sur­
face (Priestley et al., 1988).
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Figure 2. (b) B-B’ along the N40°W conjugate fault plane that conforms to an exten­
sion of the Hilton Creek Fault. The numbers in (a) and (b) correspond to the events in 
Figure 1.
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principle events of the sequence (see figure caption).
The first fault plane of the conjugate pair to develop in the Round Valley 
sequence was associated with the main shock, is nearly vertical, and strikes N30°E. 
The second, which became active within the first twenty four hours of the sequence, 
strikes N40°W and dips 55° to the northeast. We will refer to the first plane to 
develop in the sequence, that associated with the main shock, as the primary fault 
plane, and the second fault plane to develop as the conjugate fault plane. Figures 2a-b 
shows the seismicity cross sections perpendicular and parallel to the primary fault 
plane. The seismicity which occurred on the primary plane is mainly restricted to the 
footwall block of the conjugate fault plane and the fault motion is dominantly left- 
lateral strike slip. In the hanging wall block of the conjugate plane there is a less dense 
concentration of aftershock activity. Activity on the conjugate plane spread to the west 
and shallowed as the sequence progressed. The dominant sense of motion on the con­
jugate plane is right-lateral strike slip, although the western extent of the aftershock 
distribution is characterized by shallow (= 5 km) normal faulting. A cross section of 
the main shock fault plane (Figure 2a) indicates a lack of aftershock activity in a sub- 
circular region on the primary plane to the southwest of the main shock hypocenter 
(dashed line). This was interpreted as the section of the fault that ruptured during the 
main event.
For the present study, stress drops determined from the analysis of P-wave pulse 
widths will be interpreted within the framework of the aftershock distribution and the 
rupture characteristics of the main shock that were found in the Priestley et al., (1988) 
study.
PULSE WIDTH DETERMINATION
The data used in determining the P-wave pulse widths are short-period vertical
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component seismograms from the University of Nevada, Reno - United States Geologi­
cal Survey (UNR-USGS) telemetered seismic array. Data were selected from seismo­
graphs at hypocentral distances less than 40 km so as to ensure that the first arrivals 
were direct arrivals, and from a range of azimuths to adequately sample the focal 
sphere. The seismograph stations used in the study ( Figure 1) consist of vertical com­
ponent 1 Hz seismometers. These signals are telemetered to a central recording site on 
the UNR campus, digitized at 50 Hz, and digitally recorded. The seismometer output 
at the frequencies of interest to this study (= 1-5 Hz) is flat to velocity. For the same 
instrument response, Frankel and Kanamori (1983) found that the pulse widths meas­
ured from the seismograms were to within 0.012 seconds, equivalent to the pulse 
widths of the true ground velocity. At 40 km distance a ML 3 event normally exceeds 
the dynamic range of the USGS analog seismograph and the records are clipped. 
However, since the zero crossing times are preserved even for signals which saturate 
the seismograph electronics (Ellis and Lindh, 1976), accurate pulse widths can be 
determined from clipped data.
We have measured over 2000 P-wave pulse widths from more than 200 Round 
Valley aftershocks ranging from MLD (local duration magnitude scale) 1.5 to 4.5. The 
resolution in the pulse width determination is somewhat limited by the sample rate of 
50 Hz. This is due to the variation of the position of the first arrival between two 
discrete samples in the digitized data. Frankel and Kanamori (1983) suggested the 
resolution for this sample rate could be interpolated to approximately 1/4 of a sample 
(0.005 sec for 50 Hz data). For example, if the initial slope between the first two sam­
ples, bracketing the first arrival, is steep the P-wave arrival is more near in time to the 
first sample; on the other hand, if the initial slope is very gradual then the P-wave 
arrival is more near the latter sample. There are clear examples of obviously small 
events with identical wave forms at a particular station which do show this initial slope 
effect in the first arrivals. It becomes a simple matter of extrapolation between these
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two samples to estimate, to a much greater precision than the sample rate would sug­
gest, the precise P-wave arrival time. The time to the first zero crossing is then deter­
mined by calculating the pre-event average trace amplitude and again extrapolating 
between samples at the zero crossing. There are variations in noise level at some of 
the stations during the period of this study which affects the estimates of pulse width.
Figure 3 compares P-wave pulses for an MLD 3.1 and MLD 4.1 events. The ini­
tial pulse width measured on the seismogram is a function of the rupture duration, the 
instrument response and the broadening caused by the apparent attenuation along the 
path, including both intrinsic attenuation, scattering, and site effects. Frankel and 
Kanamori (1983) noted that as the magnitude of southern California earthquakes 
decreased to about 2.2, there was a proportional decrease in the initial pulse width of 
the first arrival. Below about ML2.2 the pulse width remained about constant as mag­
nitude decreased further. They assumed that these small events (ML < 2.2) could be 
taken as point sources and hence their seismograms were the impulse response of the 
combination of the path and instrument factors. Earthquake source durations can only 
be determined for events whose rupture times are sufficiently longer than the broaden­
ing effect caused by the path and instrument.
To correct the pulse width measure for instrument and path effects in our study, 
minimum i 1/2’s have been determined for each station (Figure 4). We have chosen the 
minimum through the scatter of the lowest values at each station to account for picking 
errors introduced by noise and the limited resolution from the 50 Hz sample rate. Pulse 
widths for events ranging in magnitude from ML 1.5 to 3.5 are plotted versus hypocen- 
tral distance with y-axis divisions of one sample, 0.02 seconds. The lack of variation 
in the minimum pulse width with hypocentral distance or hypocentral depth for the 
earthquakes in this limited crustal volume for all source receiver pairs suggest a 
minimum pulse width for each station. This indicates that for these data,
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Figure 3. Example of P-wave pulses and picks for events differing is size by about 1 
magnitude unit.
0.16 80
14 16 18 20 22 24 26 28 30
HYPOCENTRAL DISTANCE (km )
t
j Mpsijg
Figure 4.Two examples of the determination of minimum pulse width for stations used 
in the study. Divisions of t 1/2, y-axis, represent one sample (0.02 sec) of the digital 
record. The x-axis is the hypocentral distance in km. The dashed line denotes the 




variations in whole path Q is not a significant factor in the observed variations in 
broadening of the P-wave pulse at the studied sites. Following the path attenuation 
arguments of O ’Neill (1984) in his pulse width study in the Parkfield area, low Q 
values in the neighborhood of 200 would return a t* (t* = travel time /  average Q ) of 
approximately 0.04 seconds for a 40 km travel path. This variation is not seen in the 
pulse width versus distance plots. The consistency in the pulse width with distance is 
evidence that the Q is much higher for the study area and is therefore not at a factor.
A minimum width has been defined for each station. This minimum generally 
corresponds with site characteristics. Hard rock sites (PRB, SCH, and RSM) have a 
somewhat smaller value of x1/2 than alluvial sites (ORC). Hard rock sites STR and 
CAS are the exception with larger minima.
RUPTURE DURATION AND SOURCE PARAMETERS
The pulse width A(t) observed on a seismograph is a convolution of the source­
time function S(t), the path Greens Function G(t), and the instrument response I(t),
A(t) = S(t)*G(t)*I(t). (3.1)
Several published studies have assumed S(t) = 8(t) for very small events, and deter­
mined S(t) for larger co-located events by deconvolution. This procedure cannot be 
applied direcdy to clipped seismograms. Frankel and Kanamori (1983) showed that 
the deconvolution could be approximated by subtracting the pulse width of the smaller 
event from that of the larger event,
xl/2Mura~ xi/2ob«TOj- xl/2s
where t1/9 is the estimated source duration, i i  « j is the observed pulse width of 
the larger event and T1/2j. is the path, instrument and site contribution. Since the zero 
crossing times are preserved for clipped records, this procedure can be used to approx­
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imate the deconvolution and estimate the source duration component of the source-time 
function from clipped seismograms.
The pulse width minima determined for each site were subtracted from the meas­
ured pulse widths of the larger events (2.8 < ML 4.2) recorded at those station. Events 
for which five or more individual station x1/2 were available were averaged and the 
mean x1/2 was taken as the effective source duration for the event. Averaging x1/2 
values for a particular event over a range of azimuths tends to reduce the effects of 
trace noise and timing errors, and smooth over the radiation pattern. As in the Frankel 
and Kanamori (1983) study, the source radius, r, was calculated from Boatwright’s 
(1980) relationship,
r  = *1/2 v
1 -  — sin0 
c
(3.3)
where v is the rupture velocity (0.80 of an assumed S-wave velocity of 3.2 km/sec), c 
is the P-wave velocity (assumed 6 km/sec), and 0 is the azimuth between the unit vec­
tor normal to the fault plane and the seismograph site (assumed to be 45°). Source 
dimensions have been calculated for 87 events and are summarized in Table 1. Since 
all of the events come from a limited volume of the upper crust, the relative scaling of 
the source dimensions between individual events should be preserved. The true meas­
ure of the source dimension is difficult to determine because the rupture velocity and 
rupture propagation geometry will vary between events from our assumed values.
Since the ray paths for each event cover a complete range of azimuths, attenua­
tion for paths through the fault plane of the main shock will be minimized by averag­
ing each value of x 1/2̂  at all stations for a particular event. A wide range of ray 
paths are sampled in the determination of the pulse minimum, x1/2g, for each station, 
which tends to average attenuation effects across the fault plane and smooths any
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differential attenuation within the limited source region. These averaging processes and 
sampling of a wide variety of azimuths both in determination of T1/2iouree and x1/2s tend 
to eliminate random errors and increase the stability of the estimated stress drops.
SEISMIC MOMENTS
We have estimated the seismic moments, M0, from the the east-west component 
of motion recorded on the Lawrence Livermore National Laboratory (LLNL) broad­
band digital seismic station at Mina, Nevada located 110 km NNW of the Round Val­
ley aftershock zone. This component of motion is nearly transverse to the Round Val­
ley aftershock region and the travel path is nearly common for all events. Therefore 
any relative variation in the spectra between events will be due to variation in seismic 
moment, the source depth and focal mechanism. The Lg amplitude spectra were 
corrected for whole path attenuation using the Great Basin Lg attenuation function, 
Q(f), determined by Chavez and Priestley (1987). We have chosen a narrow frequency 
band (0.8 to 1.2 Hz) over which to estimate the seismic moment since the signal in 
this band is consistently above the noise and substantially lower in frequency than 
comer frequencies expected for events in the magnitude range we have studied 
(Savage, 1974).
The seismic moment scales linearly with the low frequency spectral amplitude 
below the comer frequency for events with a common travel path and a common focal 
mechanism. We have calibrated the Lg spectral level with seismic moments by fitting 
the lower frequency (~ 0.1 Hz) surface waves for the largest (ML 3.8-4.2 ) events for 
which we had a p-wave first motion focal mechanism, with synthetic surface wave 
seismograms. These seismograms were computed using the mode summation code of 
Gomberg et al., (1988), the Basin and Range velocity structural model of Priestley and 
Brune (1978), and the Basin and Range attenuation model of Patton and Taylor (1984).
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Seismic moments determined from surface wave modeling were consistent with the 
seismic moment estimates obtained using the moment-magnitude relationship for the 
Bishop-Mammoth Lakes region determined by Chavez and Priestley (1985). The 
seismic moment determined by this procedure was then used to determine the relation­
ship between seismic moment and the Lg spectral amplitudes for the Round Valley aft­
ershocks.
We have not accounted for the focal mechanism or focal depth in deriving the 
scaling relationship between Lg spectral amplitude and the seismic moment. Although 
the amplitude of fundamental mode Love waves is sensitive to the focal mechanism, 
the 0.8-1.2 Hz band is dominated by Lg higher modes surface waves which sample a 
wide portion of the focal sphere and are therefore much less sensitive to variations in 
the focal mechanism. Source depth and hypocentral elastic parameters may have a 
much more significant effect on the Lg spectral amplitudes. To estimate the magnitude 
of these we computed a suite of transverse Lg synthetic seismograms for a range of 
depths extending from 3-13 km and the two principle focal mechanisms observed in 
the Round Valley aftershock sequence. The synthetics were computed using the 
Reflectivity method (Fuchs and Mueller, 1971) and for the Great Basin velocity struc­
ture of Benz et al., (1990). The Lg spectral amplitudes determined from these syn­
thetic seismograms showed no systematic variation with focal mechanism, and at most, 
a factor of 2 variation in amplitude in the 0.8-1.2 Hz band with depth. This is less 
than other uncertainties in determining the seismic moment. Determination of the 
absolute seismic moment for ML 3-4 is difficult and we feel that at least there is con­




Once the seismic moment, M0, and source radius, r, are determined, the stress 
drop, A a  can be calculated from the relationship.
a 7 M0 A o= — (3.4)
16
Stress drops for the 87 aftershocks of the Round Valley sequence have been deter­
mined (Table 1) and these values have been inteipreted with respect to the spatial 
seismicity distribution. Those events occurring on each of the conjugate fault planes 
have been isolated and plotted in cross sectional views.
Figure 5a is a map of stress drop values on the primary fault plane. This plane is 
the same view as seismicity cross-section Figure 2a. The hypocenter of the main 
shock is indicated by the octagon containing the ’1’. The low stress drop values are 
concentrated in the center of the plot, and the minimum to the southwest of the main 
shock hypocenter is consistent with what Priestley et. al, 1988 have interpreted as the 
section along the main shock fault plane that ruptured during the ML 5.8 main event 
and the primary aftershock. This zone of low stress release that exists throughout the 
aftershock sequence defines this area as well as does the seismicity cross section (Fig­
ure 2a). These two independent lines of evidence indicate nearly complete stress 
release within this area of the main shock fault plane and suggest that the Round Val­
ley main shock was the result of a single asperity failure. Also consistent with 
theories of asperity failure and fault rupture (Madariaga, 1974), stress drops are rela­
tively higher around the edges of the proposed rupture surface, where the concentration 
of aftershocks activity and stress drops are higher. Within this outline of relatively 
higher stress drops are also lower values in the range of those found within this asper­
ity failure. Whether these values are due to rupture propagation fault plane cannot
86
Main Shock Fault Plane
A A'
Distance (km)
Figure 5(a) Stress drops values along the vertical main shock fault plane striking 
N30°E. This is the same view as Figure 2a. The interpretation of the rupture surface 
is shown as a dashed line as in Figure 2a. The main shock and primary aftershock are 




Figure 5(b) Stress drop values along the conjugate fault plane striking N40°W and dip­
ping 55°NE. The main shock is labeled as 1. This is a depth projection of the dipping 
plane and not a cross section as in Figure 2b.
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characteristics or actual stress variations within the be resolved with the pulse width 
method. For example, low stress drops can result from partial stress drop as suggested 
by Brune, 1971 in which there is a decrease in the moment relative to the high fre­
quency radiation and thereby the stress drop, due to rupture characteristics. In the par­
tial stress drop case, the spectral comer frequency (proportional to source dimension) 
is preserved.
Below the zone of low stress release are higher values associated with the base of 
the rupture area which suggest an increase in stress drop with depth. At shallow depth 
the stress drop values are less consistent. This may be due to some degree to the fact 
that the conjugate plane intersects the main shock plane along a particular line and it is 
difficult to isolate which events are on which fault plane; short period focal mechan­
isms are nearly identical for events on the two planes.
A projection of stress drops on the conjugate plane is shown in Figure 5b. This 
plot is a projection of the stress release along the conjugate plane and does not directly 
correspond to the seismicity cross section of Figure 2b. The main shock occurred near 
the intersection of the two planes and is denoted by the ’1’ within the octagon in the 
projection. The seismicity associated with this structure clearly shallowed to the west, 
and conforms to a proposed extension of the Hilton Creek Fault. This would be the 
first significant activity on this major holocene structure since the present Bishop- 
Mammoth Lakes sequence began twelve years ago.
The stress drops patterns do not directly indicate an increase in stress drop with 
depth but are highest near the base of the westward shallowing seismicity. Also there 
is a well defined high (several events) approximately 5 km westward from the intersec­
tion of the two planes. This may be the due to an "off-fault" shear stress increase as a 
result of displacement on the main shock fault plane (Das and Scholz, 1981) or may 
represent a state of stress state along this southern extension of the Hilton Creek. In
Das and Scholz’ calculations, a region approximately 3/4 of the source diameter on 
either side of the slip surface experiences an increase in shear stress. Smith and Priest­
ley (1988) have implicated "off-fault" clustering in the triggering mechanism of the 
Ml 6.4 Chalfant Valley, California earthquake. The Chalfant sequence, 15 km 
northeast of the Round Valley area, also exhibited conjugate strike-slip faulting (Smith 
and Priestley, 1988).
DISCUSSION AND CONCLUSIONS
Integrating the results from a previous study (Priestley et al., 1988), allows us to 
interpret the stress drops results with respect to the conjugate strike slip faulting pat­
tern which characterizes the sequence. The consistency between the details of the main 
shock rupture characteristics, and the stress drop pattern along the main shock fault 
plane increase our confidence in the pulse width technique. An area of low stress drop 
is coincident with the section of the fault that was interpreted to have ruptured during 
the main shock. This area was isolated in the previous study due to its proximity to the 
hypocenter of the main shock, the distribution of early aftershock activity, the focal 
mechanism of the main shock and the lack of aftershock activity in this area 
throughout the sequence. The stress drop distribution provides additional evidence that 
the Round Valley earthquake was the result of a single asperity failure. In this 
interpretation, higher stress drops that outline this region (as does the aftershock dis­
tribution) would be due to stress increases at the edge of the rupture surface.
If the higher stress drop events below the low stress drop area do define the edge 
of the rupture surface, the Round Valley event did not rupture through the base of the 
seismogenic zone. This is also consistent with the aftershock distribution. The highest 
stress drops conform to the base of the NW striking conjugate plane approximately 4-5 
km directly to the west of the main shock rupture plane’s stress drop low. This is
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predicted to be a zone of high shear stress (Das and Scholz, 1981) with respect to slip 
on an adjacent structure. "Off-fault" clustering has been observed in several earthquake 
sequences (Hamilton, 1972; Ward et al., 1974; Hutton et al., 1980; Magistrate et al., 
1989). In the earlier Round Valley study, this activity was shown to conform to a pro­
posed southern extension of the Hilton Creek Fault.
The simplicity of the modified pulse width technique is its real value to 
seismotectonic studies. Showing that path corrections are not necessary and that only 
individual station corrections are required allows for the processing of many events in 
a particular region or within a particular fault zone with relative ease. Although we 
were able to show this for the limited source area for the Round Valley sequence, this 
may not be the case for regional studies. Also, by using many stations covering a 
wide range of azimuths the random errors due to picking errors are averaged out and 
the stability of the technique is increased. Our confidence in the seismic moment deter­
mination was also increased in this study by having a common Lg path from the lim­
ited source region. Many factors play into the relative accuracy of the pulse width 
determination which tend to place limitations on the method for regional studies.
Considering the wealth of short period clipped records, the pulse width method 
can be used to look at the stress patterns along active fault zones where near source 
short period data are available. The simplicity of the technique provides a means for 
the continuous monitoring of stress patterns within active fault zones where high sam­
ple rate low dynamic range data are available but where broad-band high quality 
instrumentation is not in place.
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Table 1
Origin Time Stress Drop (bars) Source Radius (meters) Log M0 m ld
41123 2342 19 408 21.48 3.1
41124 0029 18 347 21.24 3.1
41124 0031 88 196 21.18 2.9
41124 0235 11 290 20.80 3.4
41124 0246 47 189 20.86 3.0
41124 0316 22 157 20.28 2.8
41124 0419 23 147 20.22 3.2
41124 0510 12 244 20.60 3.0
41124 0740 11 349 21.03 3.0
41124 0748 23 221 20.75 3.1
41124 0800 9 238 20.43 3.2
41124 0834 24 140 20.18 3.0
41124 0841 4 218 20.01 2.7
41124 0844 52 252 21.28 3.1
41124 0851 31 110 19.98 2.9
41124 0853 178 133 20.98 2.8
41124 0921 129 386 22.23 3.7
41124 1013 33 273 21.18 3.2
41124 1025 89 114 20.48 2.9
41124 1122 33 232 20.98 2.9
41124 1215 11 270 20.68 3.4
41124 1232 25 285 21.13 3.3
41124 1255 19 127 19.96 3.0
41124 1308 9 166 19.98 2.9
41124 1349 13 203 20.40 3.3
41124 1646 3 144 19.37 2.8
41124 1801 9 221 20.34 3.3
41124 1804 47 104 20.08 2.8
41124 1820 3 214 19.77 3.3
41124 1830 9 180 20.10 3.4
41124 1857 10 191 20.18 2.8
41124 1939 20 195 20.54 3.5
41124 1946 5 143 19.51 3.0
41124 2025 17 417 21.46 4.2
41124 2029 79 174 20.98 3.1
41124 2033 110 134 20.78 3.1
41124 2103 8 111 19.41 2.9
41124 2110 9 346 20.94 3.7
41124 2135 6 197 20.04 3.1
41124 2324 9 166 19.98 3.1
41125 0014 11 227 20.45 3.3
41125 0058 42 151 20.52 3.5
41125 0145 26 106 19.85 2.8
41125 0230 29 147 20.33 3.2
41125 0241 11 138 19.83 2.8
41125 0827 32 160 20.48 3.2
41125 0844 282 114 20.98 3.3
41125 1037 13 236 20.58 3.1
41125 1555 225 123 20.98 3.4
94
41125 1615 106 354 22.03 3.8
41125 1617 149 121 20.78 2.9
41125 1625 33 129 20.21 3.1
41125 1914 3 327 20.38 2.9
41125 1918 64 173 20.88 3.3
41125 2148 28 247 20.98 3.4
41125 2254 17 280 20.93 3.7
41125 2309 10 789 22.05 4.4
41126 1030 16 203 20.48 2.9
41126 1628 49 234 21.16 3.4
41126 1749 6 211 20.13 2.8
41126 1801 2 384 20.37 3.7
41126 1824 14 307 20.97 3.7
41126 2116 11 157 19.98 2.8
41127 0954 17 156 20.18 2.9
41127 1215 25 336 21.33 3.7
41127 1253 10 219 20.38 3.4
41127 1337 16 149 20.08 2.8
41127 1406 12 189 20.28 3.4
41127 1647 18 193 20.48 3.5
41127 1731 23 373 21.43 4.1
41127 1928 41 113 20.13 3.1
41127 2006 30 121 20.08 2.8
41127 2125 41 127 20.28 3.2
41128 0241 77 88 20.08 2.8
41128 0054 9 178 20.08 3.0
41128 0821 29 166 20.48 2.8
41129 1042 61 222 21.18 3.5
41129 1045 71 203 21.13 3.4
41129 1309 21 272 20.98 3.3
41129 1750 12 204 20.38 3.1
41130 0003 32 174 20.58 3.1
41201 0455 3 764 21.48 3.5
41201 2014 56 256 21.33 3.1
41203 2038 4 210 19.97 2.9
41207 2205 4 220 19.97 2.9
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Chapter 4
THE SEISMIC SPECTRUM, RADIATED ENERGY,
AND THE SAVAGE AND WOOD INEQUALITY FOR 
COMPLEX EARTHQUAKES
Kenneth D. Smith, James N. Brune and 
Keith F. Priestley
Seismological Laboratory, Mackay School of Mines 
University of Nevada-Reno, Reno, NV 89557 (USA)
As a result of calculations of energy radiation from a deterministic fault model, 
Haskell (1966) introduced a statistical model of fault rupture to better represent the 
irregular motions observed on strong motion records (Housner, 1947,1955; Thompson, 
1959) and the observed generation of high frequency energy from earthquakes with 
large source dimensions. An extension of this model was introduced by Aki (1967). In 
this model, Haskell (1966) visualized the actual faulting process as a swarm of 
acceleration and deceleration pulses arising from the variations in the elastic properties 
along the fault. These pulses propagate along the fault with some mean velocity, but 
which are highly chaotic in detail. Depending on the spatial and temporal correlation 
length of these pulses, this model can have a far field diplacement amplitude spectral 
fall-off, beyond the comer frequency, proportional to co-1 (spatial correlation length 
much larger than time correlation wavelength) or co-3 (spatial correlation length com­
parable to time correlation wavelength).
Approaching the problem from a different point of view, Brune (1970) introduced 
a fractional stress drop model to represent abrupt fault locking or healing, or non- 
uniform stress drop like a series of multiple events with parts of the fault remaining 
locked, in either case causing the fault to have less slip than it would have for a
uniform static stress drop over the whole fault equal to the dynamic stress drop. Aki 
(1972) characterized this process as a series of "rapid slips and sudden stops". In the 
Brune (1970) model the fractional stress drop introduces an co-1 slope in the displace­
ment spectrum beyond the comer frequency, and thus leads to a considerable increase 
in high frequency energy over that for an co~2 fall-off model with the same seismic 
moment and source dimension. This effect is of great importance in determining the 
level of strong ground motion during large earthquakes. Some more recent models of 
earthquakes have similar features, for example, the asperity models of Hartzell and 
Brune (1977) and McGarr (1981), the barrier model of Papageorgio and Aki (1983), 
and complex multiple-event models of Joyner and Boore (1986), and Boatwright 
(1988).
The shape of the spectrum beyond the comer frequency is obviously important to 
calculations of the total radiated energy. The total radiated energy is given by an 
integral of the square of the far-field velocity spectrum over frequency. If the dis­
placement amplitude spectrum falls off as oT2, the velocity spectrum falls off as co-1 
and the velocity squared spectrum (proportional to energy) falls off as co , and thus 
there is relatively little contribution to the total energy beyond the comer frequency. 
On the other hand, if the displacement amplitude spectrum falls of as to-1 the velocity 
spectrum (and velocity squared spectrum) is constant and the contribution to the total 
radiated energy becomes proportional to the band width of that portion of the spec­
trum.
The shape of the spectrum beyond the comer frequency is of crucial importance 
to the Savage and Wood (1971) hypothesis or inequality, in that the apparent stress is
always less than y  the stress drop. Since the apparent stress is proportional to the
total radiated energy, it is obviously directly related to the existence of an co-1 band in 
the displacement amplitude spectrum. In fact, we show in the next section that for
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faults the Savage and Wood (1971) hypothesis is violated directly in proportion to the 
width of the co 1 section of the amplitude spectrum for equi-dimensional faults.
The empirical evidence for the existence of an to-1 band in actual earthquake dis­
placement spectra remains qualitative, but more data from high dynamic range broad­
band digital seismographs may soon provide more objecticve evidence. In a recent 
article Brune et al, (1986) gave some preliminary evidence from the Anza, California 
seismic array (Berger et al, 1984) which suggested that small low stress drop earth­
quakes had lower spectral fall-offs and thus offered some support for the partial stress 
drop model for small stress drop events. However the critical frequencies involved 
were so high that uncertainties in attenuation left the results in question (Anderson, 
1986). Similar weak support for the co-1 model was also found by Anderson and 
Reichle (1987) in a study of aftershocks of the Coalinga earthquake recorded on the 
Parkfield strong motion array. It seems that studies of small earthquakes will at 
present be limited by similar uncertainties in attenuation in most cases, and that we 
will have to look at larger earthquakes for more definitive evidence. It should be 
recalled that many of the events in the Tucker and Brune (1974) study were large 
enough (ML 4 to 5) and the comer frequencies low enough (less than 2 Hz) that uncer­
tainties in attenuation were not important, and thus their evidence for partial stress 
drops is not subject to the same uncertainties. Unfortunately Tucker and Brune had 
only two observing stations and thus the results were not as reliable as, for example, 
would be the case for similar larger events recorded on the Anza array, with ten high 
quality digital stations.
Vassilou and Kanamori (1982) have published results from a study of energy esti­
mates based primarily on teleseismic body-wave pulse shapes recorded on long period 
instruments from the WWSSN instruments, which could not give reliable estimates of 
high frequency radiated energy. However, based on strong motion records from four
earthquakes they argued that most of the radiated energy in the near field was ade­
quately represented in the far field long period pulse shapes. In this paper we recon­
sider two of these earthquakes from a different point of view and conclude that 
significant energy is radiated energy at frequencies higher than the theoretical Haskell 
comer frequency for the overall fault dimensions.
In a recent study of the 1978 Tabas, Iran earthquake, Shoja-Taheri and Anderson 
(1987) estimated the radiated energy based on near field strong motion records. They 
obtained results one to two orders of magnitude higher than corresponding teleseismic 
energy estimates based on a procedure developed by Boatwright and Choy (1986). 
Their results dramatically illustrate the importance of reconciling near field and far 
field energy estimates. Boatwright (Personal communication) has questioned the 
Shoja-Taheri and Anderson results, in part because of the large discrepancy.
Recently, Priestley and Brune (1987) and Priestley et al, (1988) found strong evi­
dence for the existence of to-1 spectral fall-offs for Mammoth Lakes and Round Val­
ley, California earthquakes. It was this new evidence from Mammoth Lakes earth­
quakes that motivated the present study.
SEISMIC ENERGY
Gutenberg and Richter (1942, 1956) proposed the first dynamic measure of the 
energy radiated by fault rupture. They related the radiated energy to the earthquake 
magnitude. Magnitude measures are usually based on information from a limited fre­
quency band, and do not adequately represent the contributions of all frequencies to 
the radiated energy. However, integration of the velocity squared seismogram, in the 
determination of the radiated seismic energy, does incorporate the entire frequency 
band.
Wu (1966) derived a simple expression for determining the radiated S-wave 
energy which incorporated the S-wave radiation pattern,
yy
^77~ P P R2 J I ^ (f) I2 df, (4.1)
o
where p is density, P is the shear wave velocity, R is the hypocentral distance and 
£2(f) is the spectral amplitude according to Brune (1970). Hanks and Thatcher (1972) 
obtained an analytic solution to the integration of the velocity squared spectrum in 
equation (1) for a simple displacement spectrum in which the asymptotes of the con-
some (sharp) comer frequency f0. The analytic solution of equation (1) for an (O' 
model is,
where £20 is the zero frequency spectral amplitude. Hanks (1972) decreased Es in 
equation (2) by a factor of two in order to be consistent with the energy in the Brune 
(1970) model. The actual difference is a factor of 1.67, resulting from the fact that the 
Brune displacement spectrum is rounded at the comer frequency. This illustrates the 
dependence of the calculation of the seismic energy on the shape of the spectrum 
around the comer frequency.
The apparent stress for the asymptotic form of the spectra can be written directly 
using the definition of apparent stress,
(Wyss, 1970), equation (2), and the definition of the seismic moment (Keilis-Borok, 
1957),
stant amplitude long-period level and an co 2 (or F 2) high frequency fall-off meet at




M0 = 47tpp3RQ0 (4.4)
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where P is the shear wave velocity, and in (3) (I is the rigidity. There is some evidence 
that actual earthquake spectra have a sharper comer than for the Brune (1970) model 
(Brune et al, 1979). We will discuss the relationship between spectral shape and radi­
ated energy and the reason for selecting a sharp comer model in a later section but for 
the following equations, (5) and (6), it is only important to remember that we have 
assumed a sharp comer. The apparent stress is then as given by equation (12a) of 
Hanks (1972)(increased by the factor of two),
o Jpp= 4 2 P R£20f03. (4.5)






Note that equation (6) was arrived at making no assumptions concerning the relation­
ship of the comer frequency to the source geometry, and the R dependence is now 
only in the definition of the seismic moment (4). Equation (6) is similar in form to 
derivations of Randall (1973) and Vassilou and Kanamori (1982).
RADIATED ENERGY FOR THE SAVAGE & WOOD, OROWAN AND BRUNE 
MODELS
Savage and Wood (1971) proposed a faulting model in which the final stress 
level, S0 (their terminology), is lower than the dynamic frictional stress, Sf. This 
results in a static stress drop, S -  S0 (where S is the initial stress), which is greater than 
the dynamic stress drop, S - S f. They suggested this "overshoot" results from the 
momentum of the moving fault block. Savage and Wood (1971) express their model 
in terms of energy and stress drop, specifically in the ratio of twice the apparent stress
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to the stress drop. In other words, if,
p. Es  ̂ S S0
~m 7 < 2
(4.7)
holds, then the final stress, S0, is less than the frictional stress and there is, through 
their argument, "overshoot" (Savage and Wood (1971) provide a complete derivation). 
The apparent stress and the static stress drop are measured quantities. Evaluation of 
(5) depends on reliable measures of stress drop and radiated energy.
Relationship (5) is the Savage and Wood inequality. Savage and Wood deter­
mined Es primarily through the Gutenberg-Richter ML-ES relationship (with few excep­
tions), and measures of static stress drop reported in the literature. They concluded
that in most cases the apparent stress was significantly less than of the stress drop,
in support of an "overshoot" model. We believe that recent, more accurate measures 
of energy and stress drop, as described later, do not support their conclusion.
Orowan (1960) proposed a faulting model in which the final stress, S0, is equal to 
the frictional stress, Sf. In this case, the effective stress is equal to the stress drop and 
the radiated seismic energy reduces to,
where |l is the average slip and A is the fault area. For the Orowan model (5) 
becomes an equality.
In the Brune (1970) model the far field shear wave pulse shape is determined by 
the effective stress, but the spectrum for the far field pulse accounts for only 44% of 
the Orowan energy. Most of this difference can be accounted for by the shape of the 
Brune spectra at the corner frequency, and this leads to a discussion of energy as a 
function of spectral shapes.
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ENERGY AND SPECTRAL SHAPE
The radiated energy is a function of spectral shape. In particular, the shape of the 
spectrum near the comer frequency and the high frequency spectral fall-off control the 
measure of the radiated energy, since the displacement amplitude spectrum is multi­
plied by 0) and then squared. As discussed earlier, Hanks (1972) integrated the co-2 
spectral shape, with a sharp comer frequency, to calculate the radiated energy. If we 
assume a Brune (1970,1971) relationship between comer frequency and source dimen­
sion, do not decrease the integral by a factor of two, (that is depart from Hanks and
Thatcher, (1972) in this respect), and include P-wave energy (-^— of that in the S-
lo
wave; Wu, 1966), then 83% of the Orowan dislocation energy of equation (6) is 
accounted for. Thus the oT2 spectral shape, with a sharp comer and a Brune (1970, 
1971) relationship between the comer frequency and source dimension, accounts for 
nearly all of the dislocation energy.
It is clear that if the spectral fall-off at high frequency is steeper than co-2 there 
will be less radiated energy. For example, average high frequency spectral fall-offs of 
co-3, account for only 48% of the Orowan energy, if the comer frequency and source 
dimension are given by the Brune (1970,1971) model.
For circular fault rupture and a Brune (1970, 1971) relationship between comer 
frequency and source dimension, intermediate spectral slopes of co-1 (or co-1'5) beyond 
the initial comer frequency result in higher radiated energies than would be the case 
for the Orowan model, the amount depending on the band width of this portion of the 
spectrum. Of course, high frequency spectral fall-offs of co-1 cannot extend to infinite 
frequencies, since this would imply infinite energies.
In the Brune (1970) model, the bandwidth of the co-1 portion of the spectrum is 
proportional to the fractional stress drop parameter 8, and thus for e = 0.1 the total 
radiated energy is about ten times as great as for e = 1. Similarly in the Haskell
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(1966) model if the parameter
KJt
Kl
is .007 (spatial correlation length much longer
than the time correlation wavelength, see his Fig. 2) then there is a broad section of 
the energy spectrum which contributes linearly to the total radiated energy.
For large strike slip earthquakes, a rectangular source model is usually more 
appropriate, since rupture is constrained at depth and only extends in length. The 
spectrum for a Haskell-type rectangular rupture theoretically results in two corner fre­
quencies (Haskell 1966; Savage, 1971), one associated with the length and another 
with the width of the rupture surface, with the spectrum falling off as co-1 in between. 
For a constant stress drop model, the fault width controls the amount of slip for a 
given stress drop. Energies determined by integrating the spectral shape resulting from 
the rectangular source geometry of the Haskell model are consistent with radiated ener­
gies that would result from the Orowan assumption. Thus, if the second (higher) 
comer frequency is higher than expected for the width of the fault in the Haskell 
(1966) spectrum, that is, intermediate slope longer, then clearly, the radiated energy is 
higher than for the Orowan case, and again the Savage and Wood inequality is 
violated. Thus, for rectangular sources we will test whether the second comer fre­
quency is higher than predicted for the Haskell model, and for equi-dimensional 
sources we will test whether there is any 0)_1 section in the spectrum.
DATA
We have attempted to construct the attenuation corrected far-field radiated energy 
spectrum for a number of moderate to large earthquakes. At high frequencies, we have 
used near source recordings to minimize the effects of uncertainty in attenuation. At 
low frequencies we have used moment constraints based on long period seismic 
waves.
Although there has been great improvements in understanding various factors
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which affect high frequency near source recordings, large uncertainties remain. Recent 
advances in observing high frequency weak and strong motions, including down hole 
recordings, have opened the possibility of resolving many of these questions. Although 
vigorous debate continues about the effects of, for example, near site attenuation and 
surface layer amplification, we attempt in this study to present preliminary evidence 
relating to the question of total radiated energy.
Composite spectra have been constructed for the following earthquakes; 1940 
Imperial Valley (Fig. la), 1971 San Fernando, California (Fig. lb), 1978 Tabas, Iran 
(Fig. 2a), 1979 Imperial Valley (Fig. 2b), 1979 Coyote Lake, California (Fig. 3a), 1980 
Mexicali Valley (Fig. 3b), 1984 Morgan Hill, California (Fig. 4a), 1984 Round Valley, 
California (Fig. 4b), 1985 Michoacan, Mexico (Fig. 5a), and 1987 Edgecombe, New 
Zealand (Fig. 5b). The figure captions include references to the specific acceleration 
records used in constructing the high frequency spectra. Although the discussion of the 
calculation of radiated energy has been in terms of velocity spectra, plotted in Figs. 1- 
5 are acceleration spectra. This helps to emphasize the high frequency component.
These acceleration spectra have been corrected for free surface effects (a factor of 
2), and, for the Imperial Valley events, an additional correction of a factor of 3.4 to 
account for amplification within the thick sedimentary layer (Mungia and Brune, 
1984a). For those acceleration records from other sedimentary sites, a correction of a 
factor 2 has been applied along with the free surface correction.
For recordings very near to the source the scaling of the energy with distance, 
equation (1), has to be modified. The nearest part of the ruptured area may be only 
several kilometers from the recording site, and the station can be considered to be in 
the near field. For the Michoacan event we are faced with such a source receiver 
geometry, and have attempted to account for it by scaling the high frequency energy 
contribution appropriately. We have multiplied the integration of the velocity squared
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spectrum of the near field acceleration record by the ratio of twice the rupture area (to 
account for both sides of the fault) to a sphere of radius 10 km, and then assumed that 
this was the true amount of energy radiated from a point source. We then applied the 
r2 distance scaling in equation (1) with respect to the distance between the recording 
and the fault. The long period level is not affected, since it is determined from the 
seismic moment, but the high frequency level is increased.
For all but the 1984 Round Valley, California, earthquake, a rectangulra source 
geometry is a good approximation to the fault geometry suggested by aftershock pat­
terns. The Coyote Lake Morgan Hill and Round Valley, California earthquakes have 
particularly well recorded aftershock sequences which allows a good constraint on the 
rupture extent. Tables 1-5 include references for source dimensions and other source 
parameters for all events. Note that Table numbers correspond to figure numbers. In 
constructing the spectra, the intersection of the long- period level as determined from 
the seismic moment and the trend of the acceleration spectra was in all cases approxi­
mately equal to or consistent with the lowest comer frequency (representing fault 
length) expected for a Haskell rectangular model (Savage, 1971). Plotted in Figs. 1-5 
is the second (higher) comer frequency for the theoretical Haskell model which is 
fixed by the depth extent (width) of rupture (dashed line). This comer is fixed by the 
depth of fault rupture for each event as referenced in corresponding Tables 1-5. Table 
6 summarizes spectral fit information and subsequent energy calculations based on the 
spectral shape. The composite spectra of the Coyote Lake earthquake indicates a 
second comer frequency very nearly equal to that expected for a Haskell type rupture 
and is the only event in our study where this is true.
The 1984 ML 5.8 Round Valley, California earthquake is one event for which we 
have determined a composite spectra that shows a circular or equi-dimensional rupture 
area. The Round Valley spectrum has the additional constraint, at intermediate fre­
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quencies, of teleseismic body wave amplitudes recorded at GDSN (Global Digital 
Seismic Network) stations, as well as long period surface wave information (20 sec) 
and a near source acceleration recording (< 5 km epicentral distance) (Priestley et al, 
1988). Fig. 4c, from Priestley et al, (1988), shows the composite displacement spectra 
that was used to construct the Round Valley acceleration spectra (Fig. 4b). The dis­
placement spectra has an initial comer frequency at .2 Hz, and a second comer at 4 Hz 
with an co-1 intermediate slope. The initial comer frequency slightly overestimates the 
source dimension, as determined from the aftershock pattern (Priestley et al, 1988), for 
a Brune (1970) type source model. If the spectral shape was much different and there 
was an to-2 high frequency fall-off beginning at this initial comer the radiated energy 
would be significantly lower, but the extended intermediate slope guarantees a high 
radiated energy and high apparent stress.
Provided in Figs. 1-5 are the calculations of the radiated energy from equation 
(1), the energy from equation (6) that would result for an Orowan type event, the 
stress drop as determined from the spectra, seismic moment, the apparent stress, and 
fault area. The "Savage and Wood Ratio", (that is, ratio of twice the apparent stress to 
the stress drop), is also included,
S - S 0 -
(4.9)
If this number is less than 1, then by the Savage and Wood argument there would be 
"overshoot", the final stress level being less than the frictional stress. This number is 
greater than or equal to 1 for all events studied.
LARGE EARTHQUAKES AS COMPOSITES OF SMALLER EVENTS AND 
ENERGY IMPLICATIONS
107
A Savage and Wood ratio greater than 1 (violating the Savage and Wood inequal­
ity), implies that the static stress drop S - SQ is relatively low, or that a significant 
amount of extra energy is being radiated at intermediate and high frequencies. Indivi­
dual sub-events, small with respect to the total fault dimensions but high dynamic 
stress drops, would contribute more to the high frequency energy (Boatwright, 1982). 
With respect to the acceleration spectra of the Michoacan earthquake, Anderson et al, 
(1986) termed this the "roughness" portion of the spectra after Gusev (1983) and 
clearly, this "roughness", or high frequency detail, can bee seen on their near field 
displacements pulses (Fig. 6 of Anderson et al, 1986). The high velocity pulse 
observed on the Pacoima Dam record for the 1971 San Fernando, California was inter­
preted by Hanks (1974), as being due to an initial high stress drop sub-event with a 
much higher stress drop than determined for the entire faulting event. This in part con­
tributed to the extended intermediate slope in the spectrum of the Pacoima Dam 
acceleragram, but most of the energy in this range comes from later high frequency 
complexities in the record.
Hartzell (1982), Papageorgiou and Aki (1983), Mungia and Brune (1984b), Joyner 
and Boore (1986), and Boatwright (1988), among others, have simulated the ground 
motion of large earthquakes using a summation of small events. Spectral shapes gen­
erated by these models relate directly to the calculation of radiated energy and 
apparent stress and therefore evaluation of the Savage and Wood inequality (5). For 
instance, the asperity model of Boatwright (1988), incorporates an intermediate slope 
of co_1 to co-1'5 and is similar in principle, as stated by Boatwright, to the "partial 
stress drop model" of Brune (1970). In this model a high stress drop event occurs 
within a larger source area of lower stress drop and gives rise to a relative increase in 
high frequency energy. For this case the Savage and Wood inequality is violated.
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FREQUENCY BAND LIMITATIONS AND THE CALCULATION OF RADI­
ATED ENERGY
Vassilou and Kanamori (1982) calculated the seismic energy radiated by large 
earthquakes using teleseismic body waves. They determined that most of the energy 
radiated by large earthquakes is below 1 to 2 Hz and therefore within the band width 
of GDSN stations, and that this frequency band was sufficient for energy calculations. 
This method can be applied if the displacement spectrum falls off as to-2 at frequen­
cies higher than 1 to 2 Hz. However, for several of the events we have studied there 
are important energy contributions at frequencies greater than 1 Hz (spectra with 
extended intermediate slopes). This especially can be seen especially in the spectra of 
the 1971 San Fernando (Fig. 1), 1980 Mexicali Valley (Fig. 3) and 1984 Round Valley 
(Fig. 4) earthquakes where the second (higher) comer frequencies are greater than 1 
Hz.
Band limitations can also be a problem at long periods. The integration of velo­
city squared time series from the acceleration record would return less reliable esti­
mates of radiated energy if the bandwidth of the instrument is at a higher frequency 
than the lowest comer frequency of the far field spectrum. Therefore, composite spec­
tra or wide band instrumentation would be required to incorporate all the details of the 
spectral shape, particularly for larger events showing significant intermediate spectral 
slopes.
DISCUSSION
We have constructed estimates of the spectra of several large to moderate size 
earthquakes and integrated the velocity squared spectra to determine the radiated 
seismic energy. Seismic moments have been used to constrain the long period level 
(flat portion the far field displacement spectra), and near source acceleration spectra to 
constrain the high frequency amplitudes. Approximate corrections for free surface and
sediment amplification have been made. Significant intermediate slopes of CD-1 
apparently exist in the spectra, with consequent increases in the calculation of the radi­
ated energy. These intermediate slopes extend to higher frequencies than those 
predicted for the Haskell (1966) model (Savage, 1974). Interpreted in terms of 
apparent stress and static stress drop, these earthquakes violate the Savage and Wood 
inequality (5) and provide evidence against "overshoot" as a source model in these 
cases. The ML 5.8 1984 Round Valley, California event, the only event considered 
here that has a more or less equi-dimensional rupture surface (Priestley et al, 1988), 
has a composite spectral shape with an extended intermediate slope of to-1. The initial 
comer frequency of the Round Valley spectrum represents a good approximation to the 
source dimension, as determined from the aftershock pattern, for a Brune (1970) type 
source model. This event is a good example of the calculated energy being greater 
than that predicted for an Orowan type rupture (6).
On the basis of their data, Savage and Wood (1971) suggested a ratio of twice the 
apparent stress to the static stress drop of 0.3 as a typical value (that is accounting for 
only 30% of the Orowan energy), and they used this result as evidence for the 
"overshoot" model of equation (7). Assuming a Brune (1970,1971) model and a sharp 
comer frequency, we have shown that such a ratio would require steeper (=co ) high 
frequency spectra fall-offs, beginning at the comer frequency, than are generally 
accepted. Hanks (1979) argued against cT3 high frequency spectral fall-offs. In terms 
of rupture models, focusing due to rupture velocity and the angle with respect to the 
fault orientation affect the shape of the spectra over the focal sphere. However, aver­
age high frequency specrtral fall-offs of to-3 do not exist in the spectra of far-field S- 
waves for these models (Joyner and Boore, 1986; Joyner, 1984; Boatwright, 1980; 
Madariaga, 1976; Sato and Hirasawa, 1973).
Our spectra have typically been constructed from one acceleration record, and we
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have necessarily made some assumptions about the location of the station with respect 
to the fault, radiation pattern effects, average spectral shape, and site effects; thus, 
there remains considerable uncertainty in our results. The ideal situation would be to 
have many stations surrounding the source and be able to account for focusing, site 
effects, and radiation pattern to a much greater degree.
Our purpose in this study has been to show how spectral shape relates to esti­
mates of apparent stress, to further pursue the idea of integration of the entire spectral 
shape as a method of determining radiated energy, to document cases of intermediate 
slopes in the spectra of moderate to large earthquakes and to use energy considerations 
to show that for many earthquakes the Savage and Wood (1971) inequality is violated. 
There is no strong evidence that the overshoot mechanism is ever operative.
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1971 San Fernando. CA
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Figure 1. Acceleration Spectra: (a) 1940 Imperial Valley, California. High frequency 
level is determined from the corrected El Centro acceleration spectra; N-S com­
ponent (Mungia and Brune, 1984). (b) 1971 San Fernando, California. High 
frequency level is determined by the corrected spectra of the transverse com­
ponent of the Pacoima Dam acceleragram (Trifunac, 1972). The dashed line 
represents the high frequency level that would result from a corner frequency 
determined from the fault width (Table 1) for a Haskell (1966) model (Savage, 
1971).
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Figure 2. Acceleration Spectra: (a) 1978 Tabas, Iran. High frequency level is deter­
mined from the corrected Tabas acceleration spectra; transverse component 
(Shoja-Taheri and Anderson, 1987). (b) 1979 Coyote Lake, California. High 
frequency level is determined from the corrected spectra of the Gilroy Array 
No. 1 acceleragram; N40°W horizontal component (Brady et al, 1980a). The 
dashed line represents the high frequency level that would result from a comer 
frequency determined from the fault width (Table 2) for a Haskell (1966) 
model (Savage, 1971).
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Figure 3. Acceleration Spectra: (a) 1979 Imperial Valley, California. The High fre­
quency level is determined from the corrected spectra of the Keystone Road 
acceleragram El Centro Array; N140°E horizontal component (Brady et al, 
1980b). (b) 1980 Mexicali Valley, Mexico. The high frequency level is deter­
mined from the corrected spectra of the Victoria, Mexico acceleragram; N40°W 
horizontal component (Mungia and Brune, 1984). The dashed line represents 
the high frequency level that would result from a comer frequency determined 
from the fault width (Table 3) for a Haskell (1966) model (Savage, 1971).
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Figure 4. Accleration Spectra: (a) 1984 Morgan Hill, California. The high frequency 
level is determined from the corrected spectra of the Anderson Dam- 
Downstream acceleragram, N40°W component (Brady et al, 1985). (b) 1984 
Round Valley, California. The high frequency level is controlled by the 
corrected spectra of the Paradise Lodge acceleration record and the intermediate 
slope is determined from long period body waves; transverse component of the 
acceleration record (Priestley and Smith, 1988). The dashed line represents the 
high frequency level that would result from a corner frequency determined from 
the fault width (Table 4) for a Haskell (1966) model (Savage, 1971).
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Figure 4(c). The Round Valley composite displacement spectra from Preistley et al 
(1988). The long period levels are contrained from 20 second surface waves 
and 4 second body waves, and the high frequency level is determined is from 
the near source strong motion record shown above the composite spectra. Also, 
shown above the time series is the window used for the FFT.
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Figure 5. Acceleration Spectra: (a) 1985 Michoacan, Mexico. High frequency level 
controlled by the average spectra (corrected for surface amplification) of the 
Michoacan acceleration array; transverse components (Anderson et al, 1986). 
The dashed line represents the high frequency level that would result from a 
comer frequency determined from the fault width (Table 5) for a Haskell 
(1966) model (Savage, 1971). (b) 1987 Edgecomb, New Zealand. Fourier 
acceleration spectra from the horizontal strong - motion records collected near 















Field observations 8.4xl0M (Reilinger, 1984)
Surface waves 4.8X1026 (Doser and Kanamori, 1987)
long-period Body-waves
Fault Dimensions: A fault plane of length 65-km and width 12-km has been estimated from geologic 
information (Richter, 1958; Trifunac and Brune, 1970).
Average Slip: 205 cm
Stress-drop: 33 bars











mb 6.2 M, 6.5
dip 52°NE
1.5 x 1026 (Trifunac, 1972) 
6.3 1025 (from M.)
Fault Dimensions: From the aftershock locations and the relocation of the main shock (Allen et al, 1971; 
Hanks, 1974) the fault has an initial dip of 23° and steepens at depth to 52°. The dimension of the aft­
ershock zone is approximately 23 by 14 km2.



















Surface waves 1.5 x 1027 (Niazi and Kanamori, 1981)
long-period Body-waves 8.2 x 1026 (Niazi and Kanamori, 1981)
Fault Dimensions:
This event was associated with 85 km of discontinuous surface faulting. Extensive zones of 
bedding-plane slip with thrust mechanism developed in the hanging-wall block, indicating an extensive 
hanging-wall deformation. The width of the slip surface based on early aftershock locations was about 
30-tan (Berberian, 1979; 1982)
Average Slip: 196 cm
Stress-drop: 14 bars











mb 5.4 M, 5.7
dip 80°NE
Moment:
Field observations 1.6 x 1015 (King et al, 1981)
Surface waves 1.0 x 1025 (from M,)
long-period Body-waves
Fault Dimensions: The fault surface outlined by aftershock locations principally consist of two right step­
ping en echelon, northwest trending, partially overlapping, nearly vertical sheets. The overlap occurs near 
a prominent bend in the surface trace of the Calaveras fault Reasenberg and Ellsworth (1982) infer from 
the distribution of early aftershocks, that slip during the main shock was confined to a 14-km long portion 
of the northwest sheet between 4- and 10-km depth. Focal mechanisms and hypocentral distributions of 
aftershocks suggest that the main rupture surface itself is geometrically complex, with left stepping imbri­
cate structures.



















Surface waves 6.0 x 1025 (Kanamori and Regan, 1982)
long-period Body-waves
Fault Dimensions: Surface breaks were limited to a zone from approximately 10 to 40-km northwest of 
the epicenter. Aftershock epicenters occurred within an area 110-km long, from the Cerro Prieto geother­
mal area to the Salton Sea. During the first 8 hours of the aftershock sequence, activity was concentrated 
in a zone approximately 45-km northwest of the epicenter (Johnson and Hutton, 1982). Aftershocks 
extended to approximately 12-km depth.
Average Slip: 37 cm
Stress-drop: 6 bars










mb 5.6 M, 6.4
Moment:
Field observations
Surface waves 5.0 x 1025 (from M,)
long-period Body-waves
Fault Dimensions: The earthquake did not cause surface rupture. The epicenter was 10-km southeast of 
the city of Victoria, and the most intense aftershock activity was centered 20-km northwest of Victoria 
implying a rupture length of 30-km. The width of the fault is assumed to be 10-km (Anderson el al, 
unpublished manuscript).



















Surface waves 2.5 x 1025 (from M.)
long-period Body-waves 2.0 x 1025 (Ekstrom, 1985)
Fault Dimensions: From detailed aftershock locations during the early hours of the From detailed aft­
ershock locations during the early hours of the with dimensions approximately 24-km by 5-km which was 
surrounded by aftershocks. They inferred this to represent the slip surface of the main shock.
Average Slip: 70 cm
Stress-drop: 22 bars











mb 5.4 M, 5.7
dip 80°SE
Moment:
Field observations 3.8 x
Surface waves 7.9 x
long-period Body-waves 6.6 x
1024 (Gross and Savage, 1985)
1024 (Priestley and Smith, 1988)
1024 (Priestley and Smith, 1988)
Fault Dimensions: During the six hours following the main shock, aftershocks outlined approximately a 7 
x 7 km2 vertical plane, the center section of which was nearly free of activity. This region which was 
approximately 36-km2 was inferred to be the slip surface during the main shock by Priestley et al, (1988).

















10.3 x 1027 (Priestley & Masters, 1986) 
3. x 1027 (Priestley & Masters, 1986)
Fault Dimensions: Early aftershocks located by Singh (written communications) outlined a surface area 
approximately 170 x 50 km2 and dipping about 15° beneath the coast.
Average Slip: 230 cm
Stress-drop: 19 bars









176.79°E 3 12.0 km
mb 6.1 M, 6.6
Moment:
Field observations
Surface waves 7.9 x 1025 (Priestley, 1988)
long-period Body-waves 6.1 x 1024 (Priestley, 1988)
Fault Dimensions: Early aftershocks located by Robinson (written communications) outlined a surface area 
approximately 20 x 10 km2 and extending to approximately 12 km depth. The teleseismic fault plane 
solution indicated a fault dip of 45°.











Imperial Valley CA 1940 .033 1.00 26.68 22.86 3.34
San Fernando CA 1971 .100 1.60 25.79 22.29 11.52
Tabas Iran 1978 .023 0.30 27.87 23.07 4.26
Coyote Lake CA 1979 .134 0.30 25.00 20.20 1.04
Imperial Valley CA 1979 .044 0.35 25.77 20.89 1.62
Mexicali Valley Mexico 1980 .067 5.00 25.69 22.19 21.70
Morgan Hill CA 1984 .083 1.00 25.39 21.13 2.26
Round Valley CA 1984 .220 4.00 24.89 21.41 10.68
Michoacan Mexico 1985 .011 0.20 28.01 24.24 7.82
Edgecombe N. Zealand 1987 .220 - 25.78 21.90 2.51
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Chapter 5
CONCLUSIONS AND FUTURE WORK
The relationships between the active faults, volcanic centers and the manner of 
deformation in the western Basin and Range leads to very complex faulting patterns. 
In order to observe these pattern and recognize the active faults the data must be inter­
preted from the proper perspective. Conjugate strike slip faulting has been identified 
for both the 1984 Round Valley sequence as reported in this dissertation and also the 
1986 Chalfant earthquake sequence (Smith and Priestley, 1988). These sequences exhi­
bit many similar characteristics. The resolution provided by dense short period net­
works can be utilized to characterize complex fault zones when these networks are in 
place. Individual aftershocks can be isolated with some confidence on the active struc­
tures. These detailed observations have allowed the characterization of stress release 
during the Round Valley aftershock period (pulse width study).
The imaging of the active structures in the region is continuing with some prelim­
inary results. The Hilton Creek Fault which we have interpreted to be the vertical 
boundary to the vast majority of Round Valley aftershocks appears to be the eastern 
boundary to the activity in the mountain Sierran mountain block south of Long Valley 
Caldera. The deformation related to earthquake activity appears to be confined to the 
foot wall block of the Hilton Creek.
This boundary, established by the Hilton Creek fault adjacent to the Caldera to 
the north, appears to extend southward where it approaches and tends to intersect the 
Owens Valley. It is interesting that there has been little to no activity associated with 
the Hilton Creek throughout the 1978-Present earthquake activity yet it appears to be a 
bounding feature to this activity. To add to the enigima of the Hilton Creek, a level 
line across the fault in 1982 (Savage, 1982) indicated significant vertical displacement 
(west side up as expected for a normal fault). The Hilton Creek is important in that it
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is a major Holocene range front fault capable of ML 7+ earthquakes; an obvious major 
tectonic feature.
From scarps along the Hilton Creek this fault should exhibit classic Basin and 
Range normal motion. In contrast, all activity occurring near the structure, including 6 
Ml~ 6 events, indicate strike slip motion. Although some controversy exists concern­
ing some of the mechanisms of the larger events, none can be interpreted as exhibiting 
normal fault slip. The active faults to the west of the Hilton Creek and in the moun­
tain block south of the Caldera have been imaged in an ongoing study of the region. 
These active faults are some those noted by Lide and Ryall (1985) who used a less 
extensive data set. Details of the activity south of the Caldera reveal a complex distri­
bution of active faults.
From these detailed observations of seismicity patterns, I propose that well 
located events not only can be used to image and identify the orientation and sense of 
motion of active faults but may be used to isolate and identify major tectonic features 
or "blocks" within a tectonic province. This second use of seismicity data has not been 
applied in Basin and Range studies.
The identification of the active features of the Round Valley sequence allowed the 
interpretation of stress drops determined from the pulse width study to be place within 
a tectonic framework. The pulse width method has promise as a technique that may 
be adapted for routine processing in short period network operations. As focal mechan­
ism determinations have evolved to routine procedures so should pulse width measure­
ments. Along with hypocentral information and fault plane orientations the actual 
source radius and stress drop could be added to network information.
The pulse width method provides information about the state of stress along the 
fault plane. This has been difficult information to acquire in seismological studies and 
allows a further characterization of fault zones. The technique can be automated and
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its stability increases with increasing sample rate. The dense network provided com­
plete azimuthal and near source coverage. Such ideal station coverage is not the case 
for the bulk of seismicity in the western Basin and Range.
Since the Round Valley study was completed over 4000 pulses from nearly 300 
M l 3.0 and greater events have been measured for the Chalfant sequence (As com­
pared to 87 events for the Round Valley Sequence). As at Round Valley, the active 
fault planes of the Chalfant sequence have been identified and the stress drop values 
can be interpreted within the distribution of the active faults. Similar seismicity pat­
terns can be observed in the Chalfant data set and the exercise will be to again image 
the stress pattern within the Chalfant fault zone and then compare this with the Round 
Valley values. These are ideal sequences for doing comparative studies; i.e. both exhi­
bit conjugate strike slip faulting, high quality locations are available for each aft­
ershock sequence and they are within the same tectonic environment.
Strong motion recording are available for all of the larger events of the Chalfant 
sequence and composite source spectra will be created for each from several recording 
sites at various azimuths from the events. The calculations of radiated energy that were 
considered in Chapter 4 were made using only one station and there are necessarily 
many questions that can be asked about the data portion of that study. To carefully 
consider these spectral measurements of radiated energy more stations and a variety of 
source to receiver azimuths must be looked at. Also there is serious questions that can 
be brought concerning site effects and attenuation effects in the near source region. 
These are inherently difficult effects to separate from the recordings and are, as the 
name suggests, site specific.
Downhole recordings provide the best insulation from near surface effects. Stu­
dies have indicated significant amplification at surface sites where downhole stations at 
the same recording local are installed at depth (Carrol et al; unpublished research).
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These studies have been done with smaller events than were considered in Chapter 4 
and the frequencies were somewhat higher than the frequencies concerned. It would 
take a large event in the vicinity of a downhole-surface pair to observe the effects at 
the comer frequency region of the spectrum for an event of the size considered in the 
Chapter 4 study.
Downhole stations in the Carrol et al, study did show Brune type spectral shapes 
at depth. This brings a potential problem to the interpretation of the comer frequency. 
If lower radiated energies are in fact the case, as compared to the results of our study 
and what has been reported in teleseismic studies is true, current estimates of source 
dimensions from corner frequencies are underestimating the source area. The comer 
frequency in also inherently difficult to measure and pointed our in the Chapter 4 study 
is the area of the spectral shape critical to the energy calculation.
The energy study points out the difficulty in determining the radiated energy but 
the results are consistent with theoretical models of complex rupture propagation 
(Boatwright, 1988; Papageorgio and Aki, 1983) and its effects on the high frequency 
end of the spectrum. For a complete acceptance of any source model from field data, 
site effects must be understood and removed from the observation.
The problem may be better addressed and approached in a laboratory setting. 
The radiation from surfaces of various roughness can be, at least in principle, meas­
ured if the proper scaling relationship are accounted for and sample rates are high 
enough to observe the appropriate frequencies corresponding to roughness dimensions.
The three studies that make up this dissertation began with a simple observation 
of the style of faulting in an obscure earthquake sequence on the other side of the 
Sierra. The Round Valley study is the most detailed reporting of a Basin and Range 
sequence to date. The attention to detail in the study and incorporating several data 
sets led to the further development of a pulse width stress drop method. This technique
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has promise for the application in routine network processing. The analysis of the 
strong motion record of the Round Valley event led directly to an important statement 
concerning spectral shapes and how these relate to source models. Although this study 
raises as many questions as it answers, it shows that source models, spectral shapes 
and radiated energy calculations must be reconciled in any source theory.
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